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Abstract.
Crosstalk between MDM2 and Akt signaling pathway in Oncogenesis
By
Mahesh Ramamoorthy, Master in Science, PSG College of Arts and Sciences, Coimbatore,
India
A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor
of Philosophy at Virginia Commonwealth University.
Virginia Commonwealth University, 2008

MDM2, the human homologue of the Mouse Double Minute 2 gene product, has been
shown to be over-expressed in many cancers and to induce tumorigenesis. The role of
MDM2 in oncogenesis was thought to be p53 dependent. However recent years have
shown MDM2 to be a key player in a complex network of interactions that affect cell
cycle, apoptosis, and tumorigenesis in a p53 independent manner. Here we report a novel
p53 independent role for the multidimensional protein MDM2; its ability to induce
phosphorylation of Akt at serine 473 residue. Transient and stable over-expression of
MDM2 in cultured cell lines induces Akt phosphorylation. Silencing of MDM2 expression
in cancer cells that over express MDM2 inhibits Akt phosphorylation suggesting
endogenous MDM2 participates in Akt phosphorylation. Stable up-regulation of MDM2
expression reduced sensitivity of cells to chemotherapeutic drugs such as Etoposide,

Carboplatin or Paclitaxel. The domain of MDM2 responsible for drug resistance overlaps
with the Akt phosphorylation domain. An inhibitor of Akt phosphorylation abrogated
MDM2-mediated Akt phosphorylation and reduction of Etoposide sensitivity indicating
that MDM2 reduces Etoposide sensitivity of cancer cells by activating the Akt
phosphorylation. A PI-3 kinase inhibitor Wortmannin inhibits the ability of MDM2 to
induce Akt phosphorylation and silencing of Rictor, a known kinase of Akt, does not
hamper the ability of MDM2 to induce phosphorylation of Akt. MDM2-mediated Akt
phosphorylation does not require p53, and the p53-interaction domain of MDM2 is
dispensable for Akt phosphorylation. The presence of MDM2 enhances the Insulin like
Growth Factor 1 mediated activation of Akt. Further cells harboring MDM2 show
enhanced Interleukin 8( IL8) activation, which could be a possible mechanism of Akt
activation. Downstream of Akt activation we show increased events that have been
correlated with Akt activation like increased Bcl-2 levels increased processing of NF-κB2,
and GSK3α/β phosphorylation among others. Our observation reveals a novel signaling
function of MDM2 important for regulation of cell growth and chemotherapeutic
sensitivity through Akt phosphorylation.

H. Chapter 1.Introduction
MDM2 is potentially oncogenic: Cancer is a group of diseases whose defining factor is
uncontrolled growth of abnormal cells, which can metastasize- a process whereby the cells
grow beyond their normal boundaries and spread to distant parts of the body. According to
the WHO, in 2007 alone, Cancer accounted for nearly 7.9 million deaths (around 13% of
all deaths) worldwide.
The human homologue of the murine double minute-2 gene product (MDM2) is weakly
expressed in normal cells. But it is over-expressed in many human carcinomas, soft tissue
sarcomas and other cancers, suggesting that the genetic alteration may be an important
contributor to oncogenesis and disease progression(1-15). Over-expression of MDM2 has
been shown to enhance tumorigenic potential of murine cells(16,17). Targeted tissue
specific expression of MDM2 in transgenic mice causes polyploidy(18) . Over-expression
of MDM2 in breast epithelial cells inhibits normal development of mammary gland
(18)and targeted over-expression in the basal layer of epidermis increases papilloma
formation by chemical carcinogens(19). Amplification of mdm2 gene, Over-expression of
mdm2 mRNA(4,10,20,21) and enhanced translation of the mdm2 mRNA (11,22,23)are
proposed mechanisms of MDM2 over-expression.
Frequency of MDM2 amplification: MDM2 is found in very low amounts in normal
cells. However the overall frequency of MDM2 amplification in both benign and
malignant tumors is about 7%. 20% of all soft tissue tumors which include Ewing’s
sarcoma(13), leiomyosarcomas(24-26), lipomas(25,27), liposarcomas, malignant fibrous
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histiocytomas(20,24,27-29), malignant schwannomas(20,24,25,27,30) and other sarcomas
such as rhabdomyosarcomas(31) have MDM2 amplication. 16% of all osteosarcomas
have MDM2 amplification(12,20,24,27).Roughly 10% of all gliomas over express
MDM2(8,32-34). MDM2 over-expression has also been reported in about 13% of lung
carcinomas, breast cancers and testicular cancers(15).
MDM2 as a prognostic marker: Though over-expression of MDM2 is a common event
in cancer, as a prognostic marker it presents a paradox. Over-expression of MDM2
correlates with poor prognosis in sarcomas, breast cancers and lymphomas(32,35) and with
good prognosis in lung carcinoma, malignant melanoma and ovarian cancer(3,36-39). This
is further complicated by the co-occurrence or lack of p53 expression. Among soft tissue
sarcomas, it was noticed that cases with mutant p53 and MDM2 expression had the worst
prognosis, suggesting a Wild Type (WT) p53 independent oncogenic role for MDM2.
Patients lacking both p53 and MDM2 had the best prognosis. In gliomas, where MDM2 is
found over-expressed in nearly 10% of all cases, p53 mutations rarely co-occur with
MDM2 over-expression. And in pediatric acute lymphoblastic leukemia, loss of WTp53 is
a very rare event, though MDM2 mRNA over-expression has been shown to correlate with
poor prognosis(32). Therefore tissue specific, differentiation specific and growth specific
pressures exist, to which the different tumor subsets respond in different ways.
MDM2 and p53: The mdm2 gene product was originally detected in a complex with p53
(40). This association has been the most studied and the interaction has been found to be
involved in an auto regulatory feedback loop. MDM2 can recognize the transactivation
domain of p53 and thus inactivate the p53 mediated transcriptional activation. This
13

interaction has been shown both in vivo and in vitro. MDM2 is an E3 ubiquitin ligase and
following binding to p53, it can target p53 for ubiquitination. For the ubiquitination
function, MDM2 employs the RING finger domain for mono ubiquitination and the p300
interaction domain for poly ubiquitination. It is important to note the mutants of MDM2
lacking the ubiquitin ligase domain can bind to p53 and inhibit p53 mediated
transcriptional activation(41-44). Therefore inhibition of transactivation and degradation
of p53 are probably two distinct ways to regulate p53. (20, 40, 45-51). Also MDM2
ubiquitinates itself and thus regulates its expression.(52) MDM2 can be transcriptionally
activated by p53 (20,40,45-51). The MDM2 gene has two distinct promoters and p53
mediated activation from the P2 promoter yield a distinct splice transcript differing in the
5’ untranslated region from the P1 promoter product. (53).
MDM2 interactions: MDM2 interacts with a gamut of proteins in vivo. Consistent with
its oncogenic potential, MDM2 interacts with several known growth suppressors, including
p53, the p53 family protein p73(54), the retinoblastoma susceptibility gene product Rb(55)
and growth suppressor p14 ARF (56,57)and p19(58,59). MDM2 has ben shown to interact
with histones and histone deacetylases(60). It has been shown to interact with ribosomal
proteins(54). Other MDM2 partners include, the p53 coactivator p300(61), the p53 coregulator MDMX(62), the transcription factors E2F1/DP1(63) and SP1(64),mutant
p53(65), cell fate protein NUMB(66) and the ribosomal protein L5(54). Mayo et al showed
that after growth factor stimulation MDM2 interacts with Akt and gets phosphorylated,
thus linking the mitogenic signaling pathway and MDM2(67). Later studies by various
groups showed that MDM2 was able to ubiquitinate components of the mitogenic
14

signaling pathway including IGF1-R(68), β Arrestins(69) and G protein coupled Receptor
Kinase 2(GRK2)(70).

Figure 1. MDM2 interacting proteins: The domains of MDM2 where it binds to its
interacting partners are shown by the black lines. MDM2 has many interacting partners in the
cell, involved in a wide range of functions. These include cell cycle, tumorigenesis,
differentiation, DNA synthesis, DNA repair, RNA biosynthesis, Transcription among others.

P53 independent activities of MDM2: Though most of the initial studies on MDM2
extensively characterized MDM2 as a p53 regulator, there is increasing evidence of p53
independent activities of MDM2. Transgenic mice with full length MDM2 are predisposed
to spontaneous tumor formation in a p53-/- background and have a high incidence of
lymphoma and sarcoma.(71) The interactions of MDM2 with factors which function as
regulators in processes like transformation, cell cycle control, DNA synthesis, RNA
biosynthesis, transcription, mitogenic signaling pathways can happen in a p53 null
environment(54).
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MDM2 has been shown to confer growth advantage in cells devoid of p53 and pRb(72).
Increased MDM2 expression has been shown to correlate with TGF-β resistance in human
breast tumor cells independent of p53 status contributing to tumorigenesis(73).
Amplification of MDM2 was found to interfere with MyoD activity in rhabdomyosarcoma,
thus inhibiting overt muscle differentiation independent of p53(74). Numb, a cell fate
protein involved in neural cell differentiation is a binding parter of MDM2 and gets
ubiquitinated by MDM2(75). MDM2 can form a complex with pRb in vivo and blocks
pRb mediated G1 arrest(55). MDM2 can also interact with E2F/DP1 transcription factor
involved in S-phase progression(63). Yeast 2-hybrid screens and in vivo coimmunoprecipitations have shown MDM2 to interact with DNA Polymerase ε(76). MDM2
has also been shown to bind to the NBS1 protein and inhibit double strand break
repair(77).The central domain of MDM2 was shown to interact with L5, a component of
the large ribosomal subunit independent of p53(78). MDM2’s role in transcription can be
evidenced by its interaction with the TATA Binding Protein(79), Transcription Activating
Factor II D(54), transcriptional co-activator p300(61) and by its ability to induce
expression of p65(80). Recent years have shown the role of MDM2 in the rapid turnover of
surface receptors in response to mitogenic signal activation. MDM2 has been shown by
various groups to bind and ubiquitinate the Androgen Receptor(81), and the Insulin like
Growth Factor-1 Receptor( IGF-1 R)(68) and also key regulators like β arrestins (69)and G
Protein Coupled Receptor Kinase( GRK2) (70)among others.
MDM2 interacts with Ef1α: In order to further study the p53 independent activities of
MDM2, our lab carried out a mass spectrometric analysis of MDM2 bound proteins in
16

H1299, non small cell lung cancer cell line which was devoid of functional p53. Among
the various proteins identified as potential MDM2 binding partners was the translational
Elongation Factor (EF1α). This result was further confirmed by immunoprecipitation
experiments(82). EF1α was shown by various groups to activate the Phosphatidylinositol
4 kinase(83), which in turn activated the Phosphatidylinositol 3 Kinase pathway resulting
in activated Protein kinase B or Akt. This was shown to increase actin remodeling and
result in increased motility(84).
MDM2 interacts with Akt: It has been reported that MDM2 and Akt interact in the
cytoplasm of the cell. This interaction leads to the phosphorylation of MDM2 at residues
serine 166 and serine 186(67,85).Later Milne et al showed that amino acids 108- 200 of
MDM2 were required for the complete phosphorylation of MDM2 by Akt and that a
deletion mutant of MDM2 harboring amino acids196-282 was phosphorylated, but to a
lesser extent(86). This seems to suggest that there may be two domains of MDM2 where
Akt could bind to and phosphorylate it. Akt mediated MDM2 phosphorylation was shown
to be required for the nuclear entry of MDM2. This facilitated the interaction of MDM2
and p53 and subsequent degradation of p53 after ubiquitination of p53 and its nuclear
export.
The PI3K- Akt Pathway: The Phosphatidylinositol 3’-kinase (PI3K)-Akt signaling
pathway regulates fundamental cellular functions such as transcription, translation,
proliferation, growth and survival. Akt or protein kinase B is a serine/threonine kinase and
the most important effector molecule in the pathway. The deregulation of the pathway has
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been associated with the development of diseases such as cancer, diabetes mellitus and
autoimmunity(87-92).
PI3K is responsible for the phosphorylation of the 3 position of the inositol ring of
PI(4,5)P2, to generate PI(3,4,5)P3, a potent second messenger required for survival
signaling and insulin action(93-95). PI3K is composed of two subunits: a catalytic subunit
p110 and a regulatory subunit p85, which is activated by receptors with protein tyrosine
kinase activity (Receptor Tyrosine Kinase, RTK) and by G protein coupled receptors
(GPCR). Within seconds, activated PI3K converts plasma membrane lipid PI(4,5)P2 to
PI(3,4,5)P3 (93-96). This prompts the translocation of Akt to the inner side of plasma
membrane and binding to the phospholipids.(93, 95) This results in a conformational
change in Akt and subsequent exposure of its two main phosphorylation sites; Threonine
308 and Serine 473. Activation of PI(3,4,5)P3 also allows binding of Protein serine/
threonine kinase 3’phosphoinositide Dependant Kinase ( PDK1) to PI(3,4,5)P3 and to Akt.
This leads to the phosphorylation of Akt at Threonine 308 residue. For the full activation
of Akt, the serine 473 residue needs to get phosphorylated(89,94,95,97,98). Many players
have been identified or suspected to cause the phosphorylation at this residue. Rictor(99),
Integrin Linked Kinase( ILK)(100-102) and Akt itself(103) are a few of these. Akt also
gets activated in response to oxidative and osmotic stress, irradiation and treatment of cells
to chemotherapeutic agents and ischemic shock(90). Recently it has also been shown that
phosphorylation of Akt at serine 473 can occur in response to DNA damage and DNA
dependant Protein Kinase ( DNA-PK) was responsible for the event(104).
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Regulation of the Akt phosphorylation event is achieved by phosphatases which act at
various stages along the PI3K/Akt pathway. The Phosphatase and Tensin Homologue
deleted on chromosome 10( PTEN) is a phosphatase that can reverse the conversion of
PI(4,5)P2 to PI(3,4,5)P3(105). PI(3,4,5) P3 can be converted to PI(3,4)P2 by the SH2
domain-containing inositol 5-phosphatase (SHIP)(98) The phosphatases in the PHLPP
family, PHLPP1 and PHLPP2 have been shown to directly de-phosphorylate, and therefore
inactivate, distinct Akt isoforms(106,107). Phosphatase 2A (PP2A) is another enzyme
involved in the dephosphorylation of Akt. (108) Another protein, the Carboxy Terminal
Modulating Protein (CTMP) binds to the C terminus of Akt , where it dephosphorylates
Akt(109).

Figure 2. The PI3K-Akt pathway regulation: The binding of growth factors to their
receptor tyrosine kinase (RTK) or the G Protein Coupled Receptors (GPCR) stimulate the
phosphorylation of PI3K. Activated PI3K converts PIP2 to PIP3, whereas PTEN and SHIP
reverse this reaction. Akt translocates to the membrane and gets phosphorylated at Threonine
308 by PDK1. This is followed by phosphorylation at Serine 473 by kinases such as Rictor,
ILK etc. Dephosphoylation at Serine 473 can be achieved by enzymes such as PHLPP and
proteins like CTMP.
19

Functions of Akt: Activated Akt plays vital roles in cell processes such as survival,
proliferation, motility, resistance to chemotherapeutic agents, cell cycle progression and
glucose metabolism by phosphorylating various downstream targets(89,90).
Phosphorylation of Bad by Akt promotes survival by preventing Bad from binding and
inhibiting anti apoptotic BCL-xL and from altering the mitochondrial membrane
potential(110,111) Akt has also been shown to increase antiapoptotic BCL-xL through
activation of NFκB(112) and Bcl2 by increasing CREB binding to the promotor of
Bcl2(113). The caspase cascade is also a target for Akt activity. Akt has been shown to
phosphorylate and inhibit the activity of caspase 9(114). Akt phosphorylation of FKHRL1,
a forkead transcription factor allows binding to 14-3-3 proteins and subsequent retention in
the cytoplasm(115-117). This prevents expression of its transcription targets like Fas
ligand, Bim and IGFBP1 that in turn promote apoptosis(89,118-120). Phosphorylation and
in-activation of IκB kinase α( IKKα) promotes the activation of both the canonical and non
canonical NFκB pathways which play a critical role in cell survival, motility and
immunity(121-123). Akt promotes cell cycle progression by regulating cyclin D function.
This is accomplished by phosphorylation of p27Kip1 and p21Waf1 by Akt(124,125). This
prevents them from interacting with the respective cyclins. MDM2 has also been shown to
be a substrate of Akt phosphorylation. Phosphorylation of MDM2 by Akt has been shown
to be required for the nuclear entry of MDM2 into the nucleus and the steps leading to its
binding to and degradation of p53(67,85,86). One of the earliest substrates of Akt was
shown to be Glycogen synthase kinase 3 ( GSK3).GSK-3 is known for phosphorylating
and thus inactivating glycogen synthase, proving a role for Akt in the insulin signaling
20

pathway and metabolism(126-128). Akt also plays a role in protein synthesis by increasing
the phosphorylation of mamalian Target of Rapamycin (mTOR) through the
phosphorylation of Tuberous Sclerosis Complex (TSC) upstream of mTOR.(129). This
promotes the activation of p70 ribosomal protein S6 kinase (p70S6K1) and inhibition of
eukaryotic intiation factor 4E-binding protein1 ( 4EBP1), thus promoting protein
synthesis(129-132).

Figure3. Functions of Akt: Activation of Akt promotes phosphorylation and loss of function
of pro apoptotic proteins including BAD and Caspase9 and increase in anti apoptotic proteins
like Bcl-2, Bcl-xL.. Akt also phosphorylated MDM2 which reduces p53 levels and therefore
apoptosis. Akt inhibits cell cycle arrest by phosphorylation of cdk inhibitors p27and p21 and
by increasing the activity of the NFκB pathway after phosphorylation of IKKα. By
phosphorylation of GSK3 Akt prevents phosphorylation of targets like Glycogen synthase,
thus playing a role in the insulin pathway. Protein synthesis is enhanced by Akt by
phosphorylation of mTOR and pathway members, p70S6K and 4EBP1.
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I. Chapter 2. Hypothesis
a. Major Hypothesis.
The goal of cancer biology is the identification of biomarkers which can predict the disease
or the therapeutic response. Cancer is a result of mutation of more than one gene and hence
deregulation of more than one pathway. It is therefore not possible to attribute the distinct
cancer phenotypes to mutation in one specific biomarker or another. MDM2 is amplified
in many different cancer subtypes. However its value as a prognostic marker remains
unclear, depending on tumor type, tissue of origin and other factors. It presents a paradox;
over-expression of MDM2 correlates with poor prognosis in some tumors and good
prognosis in others. Also over-expression of MDM2 has been shown to offer resistance to
various chemotherapeutic agents. Only a more profound understanding of the biology
underlying MDM2 expression and consequence of its expression in different cancer
subtypes can address the drawback of most translational studies where a reductionist
approach of tailoring treatment based on the expression of MDM2 alone is followed.
Therefore the crux of the study is to identify what markers get expressed or repressed as a
result of MDM2 expression in different cancer subtypes and thus tailor treatment strategies
for different cancer subtypes.
The major hypothesis of this work involves deciphering whether p53 independent overexpression of MDM2 leads to activation of Akt, thus identifying a novel pathway. More
importantly the study focused if preventing the activation of Akt by MDM2 could render
drug sensitivity to MDM2 over-expressing cells. This hypothesis was based on previous
observations in our laboratory and by others. Our laboratory identified that MDM2
22

interacts with the Eukaryotic Translational Elongation Factor EF1α. EF1α was shown by
various groups to activate the Phosphatidylinositol 4 kinase, which in turn activated the
Phosphatidylinositol 3 Kinase pathway resulting in activated Protein Kinase B or Akt. This
was shown to increase actin remodeling and results in increased motility. Therefore the
fact that MDM2 and EF1α interact led us to ask whether the interaction could lead to the
Akt activation.
Further, other groups showed the interaction of MDM2 and Akt in the cytoplasm, and this
interaction being required by MDM2 for entry into the nucleus. This observation prompted
us to raise the question on what would happen if there was an enhanced level of MDM2.
Since MDM2 over-expression has been shown to increase the tumorigenicity of cells,
mainly by entering the nucleus and degrading p53 and MDM2 required phosphorylated
Akt to allow its nuclear entry, it should seem implicit that for the higher level of MDM2,
there should be higher levels of activated Akt. This also fell in place with our observation
that MDM2 interacted with EF1α and that EF1α was shown to activate the Akt pathway.
Since the interaction of MDM2 and EF1α was a p53 independent interaction, we asked
whether MDM2 could activate the Akt pathway independent of p53.
Since the Akt pathway activation has been correlated to resistance to various
chemotherapeutic agents; we propose that MDM2 over-expression in cells could render
resistance to chemotherapeutic agents by activating the Akt pathway. Therefore in subsets
of tumors where both MDM2 and phosphorylated Akt are co-expressed, agents targeting
the Akt pathway and thus negating the resistance offered by MDM2 could be plausible
treatment strategy to investigate.
23

b. Specific Aims.
The following are the specific aims:
1. A. To investigate if MDM2 can induce Akt phosphorylation in a p53 independent
manner.
B. To examine whether MDM2 induced Akt phosphorylation can render the cells
resistant to Etoposide treatment.
2. To decipher the mechanism by which MDM2 can activate the Akt pathway
3. To determine the events downstream of MDM2 mediated Akt phosphorylation
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J. Chapter 3
Human Oncoprotein MDM2 enhances Akt phosphorylation at Serine 473 residue,
reducing sensitivity of cancer cells to chemotherapeutic drugs.
The manuscript for the work presented in this chapter is currently under preparation. Quantitative RT PCR
on WI38 cells was performed by Lathika Mohanraj.

a.

Introduction.
MDM2 has been shown to be oncogenic in a p53 independent environment(54,71). Our
laboratory showed that MDM2 can interact with EF1α(82). Since EF1α is known to up
regulate PI4Kinase(83) and thereby activate the Akt pathway(84), we wanted to test if
MDM2 over-expression could result in Akt activation. Also it has been shown by other
laboratories that MDM2 requires phosphorylation by Akt for its nuclear entry, a
mechanism by which MDM2 interacts with p53 and degrades it(67,85,86). This has been
one of the classical mechanisms by which MDM2 induces tumorigenesis. Therefore it
would be implied that in the presence of more MDM2, Akt phosphorylation would be
enhanced to facilitate MDM2’s nuclear entry.
MDM2 has been suggested as an important target for cancer therapy(133). Various
groups have shown the use of polypeptides(134,135), antibodies(136), small molecule
inhibitors(137) and antisense approach against MDM2(138-140) as treatment strategies.
However these studies have raised more questions than answers. Over-expression of
MDM2 has been shown to offer resistance to various chemotherapeutic agents in some
cases and in others, sensitization to drugs(141,142). For example, one group evaluated
the response of 107 patients undergoing surgical resection and adjuvant chemotherapy
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for esophageal squamous cell carcinoma and found that MDM2 expression correlated
with shorter survival for patients undergoing post operative chemo- or radiotherapy. In
stark contrast, a study on advanced breast cancer found that high levels of MDM2
corresponded to a better response to treatment and longer time to progression. To make
matters more complicated, other studies have indicated no correlation between MDM2
expression and response to chemotherapy(141). As of 2005, there were no anti-MDM2
drugs in clinical trials and only agents blocking expression of relevant molecules were
being tested(141).
Numerous groups have reported that the administration of chemotherapeutic agents
results in the modulation of the PI3K/Akt pathway (143-150). Significantly, the pathway
has been shown to be activated in response to treatment by chemotherapeutic agents,
which fall under the category of anthracyclins(143,144), topoisomerase inhibitors(147),
microtubule agents(149) and DNA damaging agents(148). The activation of the
PI3K/Akt pathway by these agents has also been shown to correlate with drug
resistance(143,144,147-149). Since we hypothesize that MDM2 enhances Akt
phosphorylation, this could be a mechanism of MDM2 mediated drug resistance.
b. Experimental Results.
MDM2 induces AKT phosphorylation at Serine 473. To check if MDM2 expression
results in the induction of Akt phosphorylation, we chose to transfect non small cell lung
cancer H1299 (p53-null) or normal diploid WI38 (p53 WT) cells. The cells were chosen
to take into account the requirement of p53 and also to find out if this phenomenon could
be seen in normal cells. To transiently over express MDM2, we nucleofected the cells
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with MDM2 expression plasmids using a nucleofector and reagents (Amaxa), according
to the supplier’s protocol. Cell extracts were subjected to Western blot analysis to
determine the levels of phosphorylated Akt, Akt and MDM2. Western blot analysis using
an antibody against Akt phosphorylated at Ser 473 indicated that extracts prepared from
H1299 or WI38 cells transfected with the MDM2 expression plasmid contain
significantly higher levels of phosphorylated Akt than extracts prepared from vector
transfected cells (Figure 4A, 4B). These data show that over-expression of MDM2
enhances Akt phosphorylation in normal diploid or transformed cells in the presence or
absence of p53, and therefore Akt phosphorylating function of MDM2 is p53independent.
We tested whether stable over-expression of MDM2 in H1299 cells elevates the levels
of phosphorylated Akt. For generating H1299 stable transfectants, H1299 cells
nucleofected with a vector or a MDM2 expression plasmid harboring a neomycin
resistance gene were selected for neomycin resistant colonies. Pooled colonies were
maintained in neomycin containing media. Cell protein extracts were subjected to
Western blot analysis to determine the levels of phosphorylated Akt, Akt and MDM2.
The results (Figure 4C) show that stable expression of MDM2 induces phosphorylation
of Akt in H1299 cells.
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Figure 4. MDM2 Induced Akt Phosphorylation at serine 473: Western blot analysis
of extracts prepared from H1299 (A, C) or WI38 (B) cells transiently (A, B) or stably (C)
nucleofected with MDM2 expression plasmids (pCMV MDM2, pCMV neo MDM2) or
vector plasmids (pCMV, pCMV neo). p-Akt was identified with an antibody specific for
Akt phosphorylated at Ser 473 (#9271 rabbit polyclonal, Cell Signaling); Akt (sc8312
rabbit polyclonal, Santa Cruz), MDM2 (AB1, Oncogene Science) and actin antibodies
(AC-15, Sigma) were used to identify Akt, MDM2 and actin. Migration of the control
MDM2, p-Akt and Akt bands are shown by arrows.

Silencing of MDM2 expression reduces endogenous Akt phosphorylation at serine
473: We next determined whether endogenous MDM2 has a role in enhancing Akt
phosphorylation. An osteosarcoma cell line, SJSA-1, which harbors WTp53 and over
expresses MDM2(151) was transfected with a short interfering (si) RNA against MDM2.
Furthermore, three plasmids harboring a puromycin resistance gene were constructed two
of which expressed two different shRNA against MDM2 and one expressed shRNA
against a non-specific luciferase gene. The plasmids were nucleofected in SJSA-1 cells.
Puromycin resistant colonies were generated and pooled. Extracts prepared from siRNAtransfected cells or puromycin resistant pooled cell colonies were subjected to Western blot
analysis to determine levels of MDM2 and phosphorylated Akt. The results show that
transfection with MDM2 siRNA diminished MDM2 expression remarkably with a
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corresponding decrease in the levels of phosphorylated Akt compared to control siRNA
transfected SJSA-1 cells (Figure5A). Similarly, MDM2 shRNA expressing plasmids
inhibited MDM2 expression and Akt phosphorylation compared to plasmid expressing
luciferase shRNA (Figure 5B). These data show that diminished MDM2 expression causes
reduction in Akt phosphorylation, indicating that endogenously overexpressed MDM2 in
SJSA-1 cells enhances Akt phosphorylation.

Figure5. Silencing of endogenous MDM2 expression in SJSA-1 cells reduces
Akt phosphorylation: Western blot analysis of extracts prepared from SJSA-1
cells (A) transiently transfected with MDM2 siRNA or non specific scrambled
RNA and (B) stably transfected with plasmids expressing MDM2 shRNA
(shMDM2-1, 2 or 3) or luciferase shRNA (shLuc). Migration of MDM2, p-Akt
CDK4 and actin are indicated.

MDM2 induces drug resistance in cancer cells: Various groups have reported the
modulation of the PI3K/Akt pathway in response to administration of chemotherapeutic
agents. The pathway has been shown to be activated in response to treatment by
chemotherapeutic agents, which are used in clinical setting. The activation of the PI3K/Akt
pathway by these agents has also been shown to correlate with drug resistance(143-150).
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Since MDM2 over-expression led to activation of Akt in our experiments, we decided to
determine whether the over-expression of MDM2 led to resistance to the chemotherapeutic
agents, which have been shown to have a decreased efficiency when the Akt pathway is
activated(143,144,147-149). We chose one example from three classes of
chemotherapeutic agents:
Topoisomerase inhibitors: Etoposide, which has been shown to inhibit topoisomerase II.
Etoposide blocks the ligation step of the DNA replication, generating single and double
stranded breaks that harm the integrity of the genome. Introduction of these breaks
subsequently leads to apoptosis and cell death(152).
Microtubule poison: Paclitaxel; works by interfering with normal microtubule breakdown
during cell division. Paclitaxel has been shown to a potent mitotic inhibitor(153).
DNA alkylating agents: Carboplatin; which crosslinks DNA in several different ways,
interfering with cell division by mitosis. The damaged DNA elicits DNA repair
mechanisms, which in turn activate apoptosis when repair proves impossible(154).
To test for drug resistance, we used equal numbers of the control vector and MDM2 overexpressing H1299 cells that we generated as pooled clones and treated them with
Etoposide, Paclitaxel or Carboplatin (and appropriate vehicles) and the drug response was
analyzed by colony formation. Drug sensitivity was determined at increasing Etoposide or
Paclitaxel concentration and 1.5µM concentration of Carboplatin. The concentrations were
chosen to reflect the serum levels of these drugs, when used in therapy. Our data show that
p53-null H1299 cells stably over-expressing MDM2 generated 2- to 5- fold higher number
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of colonies than vector transfected cells after treatment with Etoposide at all concentration
ranges (Figure 6A). Similar results were observed with Paclitaxel (Figure 6B) and
Carboplatin (Figure 6C). These results suggest that MDM2 can enhance tolerance of
cancer cells to chemotherapeutic agents.

Figure6. Over-expression of MDM2 reduces sensitivity of H1299 cells to Etoposide,
Paclitaxel and Carboplatin. Colony assays were performed using H1299 cells stably
transfected with vector or MDM2 expression plasmid after treatment with (A) increasing
concentration of Etoposide, (B) increasing concentration of Paclitaxel or (C) 1.5 µM
Carboplatin. Percent survival was calculated considering number of colonies generated in the
vehicle treated plates to be 100%. The results are shown by (A,B) semi logarithmic curves
plotting percent survival against increasing drug concentration, or (C) bar graphs to compare
percent survival of H1299 stable transfectants after treatment with Carboplatin. Each
experiment was performed in triplicate. Error bars representing standard deviations of the
colony numbers are shown.
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Silencing of MDM2 expression increases sensitivity of cancer cells to Etoposide: To
determine if endogenous MDM2 plays a role in the resistance to chemotherapeutic agents,
we used the MDM2-2 short hairpin expressing SJSA-1 cells ( Figure 5B) which were
stably maintained pooled clones. The effect of siRNA wears off after about 48 hours.
Therefore, we used stable shRNA pooled clones of SJSA-1 to find out what happens when
there is sustained silencing of endogenous MDM2. Equal numbers of SJSA-1 cells stably
expressing MDM2 shRNA or luciferase shRNA were either treated with 1µM Etoposide or
increasing concentrations of Paclitaxel (and the appropriate vehicles). Response of these
cells to Etoposide and Paclitaxel was determined by colony assay. Our data show that
SJSA-1 cells stably over-expressing MDM2 shRNA reproducibly generated 2-fold less
number of colonies than luciferase shRNA expressing cells after treatment with Etoposide
(Figure 7C) and 2-4 fold less number of colonies than luciferase shRNA expressing cells
after treatment with increasing concentrations of Paclitaxel, showing that reduction in the
levels of endogenous MDM2 enhances susceptibility of the cells to Etoposide and
Paclitaxel. These data indicate that endogenously over-expressed MDM2 contributes to
the tolerance of the cancer cells to Etoposide and Paclitaxel.
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Figure7. Silencing of MDM2 expression increases sensitivity of cancer cells to
chemotherapeutic agents: Colony assays were performed in SJSA-1 cells, stably
transfected with Sh RNA against MDM2 or Luciferase expression plasmid after treatment
with (A) 1µM of Etoposide or (B) increasing concentration of Paclitaxel. Percent survival
was calculated considering number of colonies generated in the vehicle treated plates to be
100%. The results are shown by bar graphs (A) or logarithmic curves plotting percent
survival against increasing drug concentration (B). Percent survival was calculated
considering number of colonies generated in the vehicle treated plates to be 100%. Each
experiment was performed in triplicate. Error bars are shown and represent standard
deviations of the colony numbers.

Silencing of MDM2 expression increases sensitivity of normal diploid cells: Antisense
approach to target MDM2 in cancer cells has been proposed by various groups to be a
potential therapeutic strategy. The advantage antisense oligos are thought to have over
other approaches like small molecule inhibitors (for eg: nutlin) is that it can target both
p53 dependent and independent contribution of MDM2 towards oncogenesis. Synergistic
studies using antisense oligos and chemotherapy have been shown to increase therapeutic
effectiveness. However, not much is known on whether this approach may result in a
similar cell death in normal cells; not just pertaining to the cancer environment, but also
elsewhere in the body(142). This has been considered a potential drawback, since MDM2
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expression in normal cells is extremely low and the balance is required for prevention of
p53 activation in normal cells. To determine if endogenous MDM2 silencing in normal
cells plays a role in the resistance to chemotherapeutic agents, we used MCF-10A, which
is a non-tumorigenic epithelial cell line which is a surrogate for normal epithelial
cells(156) and WI38, diploid lung fibroblasts. We used a lentiviral approach to silence
MDM2 in these cells. In short, the plasmids expressing the short hairpin RNA against
MDM2 were packaged inside a lentivirus system and used to infect the plated cells. This
ensured a more efficient delivery of the plasmids into the cells and stable
incorporation(157,158) (Figure 8B). Since the plating efficiency of WI38 cells was too
low for clonogenic assays, following the infection equal numbers of the WI38 cells were
plated in 6 cm dishes and treated with either Etoposide (1µM), Paclitaxel (25nM) or the
respective vehicles and the cells were counted on a daily basis to check for the numbers
using a coulter counter, which reflected the survival rate of the cells (Figure 8A). MCF10A cells were infected with the lentivirus packaged with plasmids expressing short
hairpin RNA targeting either non specific luciferase or MDM2 and equal number of cells
were plated and treated with Etoposide (1µM), Paclitaxel (25nm) or appropriate vehicle.
Response of the cells to drug was determined by clonogenic or colony assays.
WI38 cells treated with shMDM2 were at least 2 times more susceptible to the treatment
with Etoposide and Paclitaxel by day 7. By day 12, mere silencing of MDM2 in these
cells, kills them. Also the cells show considerable death in response to drug treatment.
MCF-10A cells also showed decreased colony formation when treated with the shRNA.
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These results indicate that silencing MDM2 by antisense approach can lead to non
targeted effects and potentially kill normal cells.
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Figure8. Silencing of MDM2 expression increases sensitivity of normal cells to
chemotherapeutic agents: Growth assay was performed using WI38 cells infected
with lentivirus packaged with plasmid expressing shRNA against MDM2 or
nonspecific luciferase using 1µM Etoposide, 25nM Paclitaxel or relevant vehicle. Cell
numbers on Day 7(A) and Day 12(B) after drug treatment are shown by bar graphs.
Knockdown of endogenous levels of MDM2 RNA by the shRNA was done in WI38
cells and checked by quantitative RT PCR. The relative fold levels are shown by bar
graph (C).The RT PCR was done in technical triplicates. Error bars represent the
standard deviations. Colony assays were performed using (D) MCF-10A cells infected
with lentivirus packaged with non specific luciferase shRNA or shRNA against
MDM2 using 1µM of Etoposide, 25nM of Paclitaxel or relevant vehicles. Percent
survival was calculated considering number of colonies generated in the vehicle
treated plates to be 100%. The results are shown by bar graphs. Each experiment (A,
B and D) was performed in triplicate. Error bars indicate the standard deviations.

An inhibitor of Akt activation, Akt inhibitor III (SH-6) inhibits MDM2-mediated Akt
phosphorylation at serine 473 and MDM2-mediated reduction of Etoposide
resistance: Since our data suggest that MDM2 activates Akt phosphorylation (Figure 4AC), and reduces Etoposide sensitivity of cancer cells (Figures 6A, 7A), we determined if an
inhibitor of Akt phosphorylation would abrogate ability of MDM2 to alter Etoposide
sensitivity. For this purpose H1299 stable transfectants (vector and MDM2 expressing
cells) were pretreated with Akt inhibitor SH-6 or the vehicle (DMSO) for four hours. Sh-6
is a phosphatidylinositol analog that inhibits the activation of Akt and select downstream
substrates without decreasing phosphorylation of PDK-1 or other kinases downstream of
Ras(159,160). Equal numbers of treated cells were then either plated to determine their
sensitivity to Etoposide by colony development, or harvested to prepare cell extracts to
determine Akt phosphorylation and MDM2 expression by Western blot analysis. The
results of our colony assay show that while the MDM2 over-expressing H1299 stable
transfectants pre-treated with DMSO generated approximately 3-fold higher number of
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colonies than the corresponding vector-transfected stable transfectants after exposure to
Etoposide, pre-treatment with SH-6 abrogated the ability of MDM2 to enhance the
tolerance of H1299 stable transfectants to this drug (Figure 9A). The Akt inhibitor SH-6
inhibited Akt phosphorylation in both the stable transfectants as expected (Figure 9B).
This data shows that MDM2-mediated Akt phosphorylation is required for its ability to
enhance Etoposide tolerance of H1299 cells.

Figure9. Inhibition of Akt phosphorylation inhibits the ability of MDM2 to decrease
Etoposide sensitivity. Left panel (A) shows a bar graph to compare number of colonies
generated after treatment of H1299 stable transfectants (vector and MDM2 expressing) with
1.76 μM SH-6 or DMSO followed by 6μM Etoposide and colony formation assay. The
normalized number of colonies represents the ratio of colony numbers generated after
treatment of cells with Etoposide to the number of colonies treated with vehicle.
Experiments were done in triplicates and error bars indicating the standard deviations of the
number of colonies formed are shown. The right panel (B) shows inhibition of MDM2mediated Akt phosphorylation by SH-6. Akt and MDM2 expression are also indicated.

Increased Akt activation by MDM2 leads to enhanced proliferation rate: The Akt
pathway activation has been shown to increase the proliferation of cells towards
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oncogenesis(87-89). Therefore we did a proliferation assay to find out if MDM2 overexpressing cells had increased proliferation rates. Also we tested whether inhibiting the
Akt pathway could render reduce the proliferation rate. H1299 stable transfectants (vector
and MDM2 expressing cells) were pretreated with Akt inhibitor SH-6 or the vehicle
(DMSO) for four hours. Equal numbers of treated and untreated cells were plated and
allowed to grow. They were harvested and counted each day after plating and the growth
rates plotted. Our results show that while MDM2 over-expressing cells had enhanced
proliferation rate, it dropped to the rate of the control cells when the Akt phosphorylation
in the cells was limited (Figure 10)

Figure10. Increased Akt activation by MDM2 leads to enhanced proliferation rate.
H1299 stable transfectants (vector and MDM2 expressing) were pretreated with 1.76
μM SH-6 or DMSO and plated. The cells were harvested each day and the numbers
were counted using a coulter counter. They were normalized to the counts on day 1,
which was used for plating efficiency. The experiments were done as technical triplicate
and error bars representing the standard deviations of the counted cell numbers are
shown.
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Inhibition of Akt phosphorylation by SH-6 is not cytotoxic to normal cells: Next, we
determined cytotoxicity of SH-6; whether pretreatment of SH-6 led to reduced number of
colonies after plating. For this purpose WI38 were pretreated with Akt inhibitor SH-6 or
the vehicle (DMSO) for four hours. Equal number of treated cells were either plated to
determine their ability to form colonies, or harvested to prepare cell extracts to determine
Akt phosphorylation by Western blot analysis. The results of our colony assay show that
SH-6 treated cells did not have decreased colony formation ability when compared to the
cells pretreated with the vehicle. (Figure 11A).The Akt inhibitor SH-6 inhibited Akt
phosphorylation in WI38 as expected (Figure 11B). This data shows that using SH-6 at the
concentration of 1.76µM is not cytotoxic to normal diploid cells.

Figure11. Inhibition of Akt phosphorylation by SH-6 does not result in cell death. Left
panel (A) shows a bar graph to compare number of colonies generated after treatment of
WI38 with 1.76 μM SH-6 or DMSO. The plating was done in triplicates and the error bars
indicate the standard deviation of the number of colonies generated. The right panel (B)
shows inhibition of Akt phosphorylation by SH-6. Total Akt is used as loading control and
indicated.

39

c.

Chapter Summary.

The human oncoprotein MDM2 interacts with the protein kinase B/ Akt that
phosphorylates MDM2. Our observation shows that MDM2 enhances Akt
phosphorylation at Ser 473. Stable over-expression of MDM2 expression reduces
sensitivity of cells to chemotherapeutic drugs such as Etoposide, Carboplatin or
Paclitaxel. MDM2 over-expression also leads to increased proliferation rate. Silencing
of endogenous MDM2 expression inhibits Akt phosphorylation and enhances their
sensitivity to Etoposide and Paclitaxel suggesting endogenous MDM2 participates in
Akt phosphorylation and alteration of sensitivity to chemotherapeutic agents. An
inhibitor of Akt phosphorylation abrogated MDM2-mediated Akt phosphorylation and
reduced Etoposide sensitivity indicating that MDM2 reduces sensitivity of cancer cells
by activating the Akt phosphorylation. Also inhibition of Akt phosphorylation resulted
in decreased proliferation rate in MDM2 over-expressing cells. Our observation reveals
a novel signaling function of MDM2, important for enhanced survival and proliferation,
both characteristics of cancer cells.
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K. Chapter 4.
Mechanism of MDM2 mediated activation of Protein Kinase B/Akt.
The manuscript for the work presented in this chapter is currently under preparation. The q-RT PCR for
CXCL8 transcripts and migration assay was performed by Dr Andrew Yeudall.

a. Introduction.
In order to decipher a mechanism by which MDM2 expression resulted in activation of
Akt, we decided to investigate the players involved in the PI3K/Akt pathway and what
modulations were observed because of MDM2 over-expression. Akt is activated in
response to a wide range of stimuli. These include growth factors, serum, survival factors
and agonists which act through surface receptors. Besides these, Akt has been shown to be
activated in response to various cellular insults such as oxidative and osmotic stress,
irradiation and treatment of cells with chemotherapeutic agents and ischemic
shock(89,90,93-95,104,161). Inhibition of cellular phosphatases also has been shown to
activate Akt(161,162). It has been shown that the phosphorylation event in Akt follows it’s
docking to the plasma membrane and this requires the activation of the PI3K
pathway(100,101,163,164). Though recent reports have shown PI3K independent
mechanism of Akt activation(99), it still serves as the most well studied mechanism of Akt
activation. Akt activation is a two step process; phosphorylation of Akt at Threonine 308 is
followed by Serine 473 phosphorylation for full activation of the kinase. PDK1 is a well
known kinase responsible for the phosphorylation of Akt at threonine 308(161). Though
kinases such as Rictor(99), DNA-PK(104), ILK(100-102) have been shown to
phosphorylate Akt at serine 473, it is thought that phosphorylation of Akt at this residue
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can be effected by other kinases present in the cell, depending on the conditions under
which Akt is activated. Regulation of Akt is further dependent on the levels and activity of
phosphatases like PTEN(105,165), SHIP(98), PHLPP(106,107), PP2A (108)and proteins
like CTMP(110).
MDM2 has no known kinase activity, though it has a defined ATP binding site. Most of its
tumorigenic properties are attributed to the interaction of MDM2 with other proteins. The
domains of MDM2 with which the different protein interact have been mapped out by
previous studies.(54,166) Therefore information on what proteins could interact could be
had using deletion mutants. This approach could give a broad idea on what mechanism
may be employed by MDM2 in the activation of the Akt pathway.
b. Experimental Results:
A PI-3 kinase inhibitor Wortmannin inhibits MDM2-mediated Akt phosphorylation.
To determine if MDM2 requires the PI-3 kinase pathway to activate Akt
phosphorylation, MDM2-mediated Akt phosphorylation was analyzed in the presence of
Wortmannin, which can inhibit PI-3 kinase activity(167,168). H1299 cells stably
expressing MDM2, or stably transfected with vector plasmid were treated with
Wortmannin for 4 hours. Extracts from Wortmannin or vehicle (DMSO) treated cells
were subjected to Western blot analysis as described earlier. The results of this analysis
show that Wortmannin inhibits Akt phosphorylation as expected, and cells stably
expressing MDM2 cannot activate Akt phosphorylation after treatment with
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Wortmannin (Figure12B). This observation suggests that MDM2 up regulates PI3kinase mediated Akt Phosphorylation.

Figure12. MDM2 enhances Akt phosphorylation at Ser 473 through PI3-kinase
pathway. Treatment of H1299 stable transfectants with Wortmannin, an inhibitor
of PI3-kinase, inhibits MDM2-mediated Akt phosphorylation. p-Akt was identified
with an antibody specific for Akt phosphorylated at Ser 473 (#9271 rabbit
polyclonal, Cell Signaling); Akt (sc8312 rabbit polyclonal, Santa Cruz), MDM2
(AB1, Oncogene Science) and actin antibodies (AC-15, Sigma) were used to
identify Akt, MDM2 and actin. Migration of the control MDM2, p-Akt and Akt
bands are shown by arrows. The link between PI3-kinase and Akt phosphorylation
is shown in a cartoon (A)
MDM2 enhances IGF-1mediated phosphorylation of Akt: IGF-1 has been shown by
various groups to mediate Akt phosphorylation through the PI3K pathway(169-172). To
further validate the role of the PI3K pathway in the activation of Akt due to MDM2 overexpression, we treated H1299 cells with IGF-1 for 10 minutes after nucleofecting with the
MDM2 expressing plasmid. These cells were serum starved for 5 hours prior to the
addition of the IGF-1. Our results (13A) showed that there was enhanced Akt
phosphorylation in the presence of MDM2 when IGF-1 was added. Next, we silenced
MDM2 in SJSA-1 cells and tested the response of the cells to IGF-1 treatment. We
observed that silencing MDM2 reduced the phosphorylation of Akt by IGF-1 treatment
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(13B). Together, these results indicate that MDM2 enhances the IGF-1 signaling. Since
IGF-1 signaling works through the PI3K pathway it would seem that MDM2 serves to
activate one or more components of the PI3K pathway.

Figure13. MDM2 enhances IGF-1mediated phosphorylation of Akt. (A) Cell
extracts of H1299 cells, serum starved 3 hours post nucleofection withMDM2
expression plasmids or empty plasmid and and treated with 50ng/ml IGF-1 for 10
minutes were analyzed by western blotting, 8 hours post nucleofection. Cell extracts of
SJSA-1 cells (B) infected using lentivirus packaged with plasmids expressing shRNA
against MDM2or non specific Luciferase for 4 days and treated with 50ng/ml IGF-1 for
10 minutes were analyzed by western blotting. p-Akt was identified with an antibody
specific for Akt phosphorylated at Ser 473 (#9271 rabbit polyclonal, Cell Signaling);
Akt (sc8312 rabbit polyclonal, Santa Cruz), MDM2 (AB1, Oncogene Science),
GAPDH(sc32233,SantaCruz) and CDK4 (AB2,Oncogene Science) were used to identify
Akt, MDM2,GAPDH and CDK4. Migration of the control MDM2, p-Akt and Akt
bands are shown by arrows.

MDM2 does not influence phosphorylation of Akt at Threonine 308 residue: Akt
activation requires the phosphorylation of Akt at threonine 308 and serine 473 residues.
There is still a debate on whether threonine 308 phosphorylation follows phosphorylation
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of Akt at serine 473 or occurs before it(99,164,173) Akt phosphorylation at threonine 308
residue is shown to require the PI3K pathway and the kinase PDK1.(100,101,163,164,173)
Since MDM2 requires the PI3K pathway for the activation of Akt at serine 473 residue, we
checked whether MDM2 over-expression leads to increase in Threonine 308
phosphorylation of Akt. This would also indicate that both events happen when Akt is
docked to the membrane and that the increased Akt phosphorylation happens by the
induction of some upstream signaling pathway by MDM2. Our data shows that there is no
increase in phosphorylation of Akt at threonine 308 due to the over-expression of MDM2
(Figure 14B). This could mean that either MDM2 mediates phosphorylation of Akt
specifically at serine 473 or that the threonine 308 activation pathway in H1299 is
deregulated.

Figure14. MDM2 does not influence phosphorylation of Akt at threonine 308
residue. Cell extracts of H1299 stable transfectants were analyzed by western blotting.
p-Akt was identified with an antibody specific for Akt phosphorylated at Threonine 308
(#9275rabbit polyclonal, Cell Signaling) and actin antibodies (AC-15, Sigma) was used
to actin. Migration of the p-Akt and actin bands are shown by arrows. The cartoon (A)
shows the 2 phosphorylation residues of Akt required for its full activation.
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MDM2 does not influence the cross talk of ERK pathway and Akt: Similar to the Akt
activation of MDM2, the Ras –Raf- MEK-ERK pathway has also been shown to lead to
phosphorylation of MDM2 and subsequent degradation of p53(174). Also there exists a
crosstalk between the Ras –Raf- MEK-ERK and the PI3K-Akt pathway on the level of
Raf-1 and Akt. Depending on the cell type and conditions, the two pathways have been
shown to either act synergistically for survival or antagonistically with the Erk activation
leading to growth arrest and Akt pathway leading to proliferation(175).Therefore we
determined if there existed any correlation with MDM2 expression and the activation of
the Ras-Raf- MEK-ERK pathway. If such a correlation existed, it could serve as a lead for
a possible mechanism of activation of the Akt pathway. We checked initially if overexpression of MDM2 could modulate the phosphorylated MAP kinases (ERK1 and
ERK2). We chose both diploid fibroblast where we over-expressed MDM2 and the MDM2
over-expressing stable H1299 cells and determined the levels of p-ERK1/2. Our results
(Figure 15) show that MDM2 does not activate or lower the p-ERK1/2 levels. Therefore
our observation was specific to the PI3K- Akt pathway.

Figure15. MDM2 does not influence the cross talk of ERK pathway and Akt.
Cell extracts of H1299 stable transfectants and WI38 trasfected with 4µg of MDM2
or corresponding vector expressing plasmid, were analyzed by western blotting. pERK1/2 was identified with an antibody specific for pERK(V-8031) from Promega
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Silencing Rictor does not inhibit the ability of MDM2 to activate Akt at serine 473.
The mammalian target of Rapamycin/ Rapamycin Insensitive Companion of mTOR
(mTOR/Rictor) complex is a kinase known to be able to phosphorylate Akt at
serine473(99). Since we did not observe any change in the levels of threonine 308
phosphorylation of Akt when MDM2 was over-expressed, we determined whether this
serine 473 specific kinase complex played a role in our observation. For this purpose, we
made lenti virus packaged with a plasmid expressing Rictor shRNA and infected the
H1299 cells for 4 days, and then nucleofected with MDM2 expressing plasmid or control
empty vector. Our results show that silencing Rictor in the MDM2 over-expressing H1299
cells did not reduce the levels of Akt phosphorylated at serine 473 and that it was enhanced
in comparison with the H1299 transfected with a plasmid expressing just the vector (Figure
16A). This verified that MDM2 does not require the mTOR/ Rictor complex to induce
phosphorylation of Akt at serine 473 residue. Taken together with the fact that the PI3K
pathway is required for the activation, it would seem to suggest that the pathway leading to
the phosphorylation of threonine 308 residue is deregulated.
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Figure16. Silencing Rictor does not inhibit the ability of MDM2 to activate Akt at
serine 473. Cell extracts of H1299 infected using lentivirus packaged with plasmids
expressing shRNA against Rictor or non specific luciferase for four days and then
nucleofected with either empty vector or vector expressing MDM2 were prepared and
analyzed by western blotting. p-Akt was identified with an antibody specific for Akt
phosphorylated at Ser 473 (#9271, Cell Signaling); Akt (sc8312 rabbit polyclonal, Santa
Cruz), MDM2 (AB1, Oncogene Science) and Rictor (#2114,Cell signaling), antibodies
were used to identify Akt, MDM2 and Rictor. Migration of the control MDM2, Rictor,
p-Akt and Akt bands are shown by arrows. The link between Rictor and Akt
phosphorylation is shown in a cartoon (B)

MDM2 over-expressing cells do not show decreased levels of PHLPP and CTMP
transcripts. Regulation of the PI3K/Akt pathway is also controlled by cellular
phosphatases. Since H1299 has suppressed PTEN expression due to promotor
methylation and our observation was specific to the serine 473 residue, we decided to look
at the the pH domain and leucine rich repeat protein phosphatase (PHLPP), which was
specific for dephosphorylation of the serine 473 residue(106,107). We also looked at the
Carboxy Terminal Modulating Protein (CTMP) which binds to Akt and dephosphorylates
it(109). We checked for the transcript levels of the phosphatases in the cell to find out if
MDM2 over-expression led to their reduced levels. Our data shows that there is no
significant change in the transcript levels of both PHLPP (Figure 17A) and CTMP
(Figure17b) in the presence of MDM2.
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Figure17. MDM2 over-expressing cells do not show decrease levels of PHLPP and
CTMP transcript levels. Normalized fold change in transcript levels determined by qPCR
are shown by bar graphs. An endogenous GAPDH control was used to ensure equal mRNA
levels in each sample. The normalized transcript levels of (A) PHLPP and (B) CTMP are
shown. Experiments were done as technical triplicates and error bars indicating the standard
deviations is shown (C) Cartoon depicting the dephosphorylation events of Akt by CTMP
and PHLPP.

MDM2 over-expressing cells show enhanced CXCL8 transcript levels and faster
migration rate: Interleukin 8(IL8, CXCL8) is a cytokine that has been shown to
increase cell proliferation in non small lung cancer cells similar to our observation with
MDM2 over-expression(176) (Figure 10). Interestingly, IL8 has been shown to activate
the Akt pathway through the PI3K pathway, after phosphorylation of Cbl.(177)
Therefore we checked the levels of CXCL8 in our MDM2 over-expressing stable H1299
cell lines. Our results show that MDM2 over-expressing stable cells expressed enhanced
transcript levels of IL-8 (Figure18A). Since IL-8 has been implicated in promotion of
migration(178), we did a migration/scratch assay in our cells and found that MDM2
over-expressing cells migrate faster than control cells (Figure18B). Therefore by
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increasing CXCL8 levels, MDM2 could activate the Akt pathway and this could be a
mechanism by which we see increased activation of Akt in the presence of MDM2.

Figure18. MDM2 over-expressing H1299 cells show enhanced CXCL8 transcript
levels and faster migration rate. (A) Normalized fold change in transcript levels of
CXCL8 determined by qPCR is shown by bar graphs. An endogenous Actin control was
used to ensure equal mRNA levels in each sample. Triplicates of the samples were
analyzed and error bars representing standard deviations are shown. (B) Migration assay
was performed on H1299 stable transfectants by scratching the plate with a pipette tip and
allowing the cells to grow. The scratch closure was analyzed after 24 hours.
The p53 interaction domain of MDM2 is dispensable for Akt phosphorylation.
Since MDM2 is a multifunctional protein, and many of its functional domains have
been identified, we determined the domain of MDM2 responsible for activating Akt
phosphorylation. For this purpose MDM2 or its C- or N-terminal deletion mutants were
transiently over-expressed in H1299 cells as described earlier(179). To determine the
consequence of stable expression, H1299 cell lines stably expressing C- and N-terminal
deletion mutants of MDM2 were also generated. Extracts prepared from these cells were
subjected to Western blot analysis to detect Akt phosphorylation and expression of
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MDM2 deletion mutants. Our data (Figure 19 B,C) show that an N-terminal deletion
mutant of MDM2 (Del 1-120) lacking 120 amino acid residues is capable of activating
Akt phosphorylation, whereas a C-terminal deletion mutant of MDM2 (Del 491-155)
harboring N-terminal 154 amino acids is inactive in Akt phosphorylation. Thus the Akt
phosphorylating activity of MDM2 is located within 121 to 491 amino acid residues
which is C terminal to the p53 binding domain although the sequences at the N-terminal
of MDM2 may be necessary for optimal activity.

Figure19. The p53 interaction domain of MDM2 is dispensable for Akt
phosphorylation. The known functional domains of MDM2 are indicated (A). Akt
phosphorylating ability of the full-length and deletion mutants of MDM2 was determined by
Western blot analysis after their transient (B) and stable (C) expression in H1299 cells. A
mouse monoclonal antibody 2A10 was used to detect the N-terminal deletion mutant of
MDM2 (Del 1-120), and a rabbit polyclonal antibody N20 was used to detect the C-terminal
deletion mutant Del 491-155. Other antibodies have been described in Figure 4.
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The Akt phosphorylating domain of MDM2 is responsible for altering Etoposide
sensitivity. Since our data show that Akt phosphorylating activity of MDM2 is required
for MDM2-mediated alteration of Etoposide sensitivity (Figure 9), we tested whether Nterminal 120 amino acid residues of MDM2 is required for this function. For this
purpose equal number of H1299 stable transfectants expressing full-length MDM2 or its
deletion mutants (Del 1-120 an Del 491-154) were plated, and their sensitivity to
Etoposide was determined by colony development. The results (Figure 20) show that
H1299 cells stably expressing MDM2 generated higher number of colonies than H1299
cells stably transfected with the vector. The stable transfectants expressing the Cterminal deletion mutant Del 491-155 did not show this effect, whereas the N-terminal
deletion mutant Del 1-120 also generated higher number of colonies than vector stable
transfectants. These data suggest that the Akt phosphorylating activity of MDM2 is colocated with its ability to enhance Etoposide tolerance of the cancer cells.
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Figure20. The Akt phosphorylating domain of MDM2 is responsible for altering
Etoposide sensitivity. Bar graph to compare number of colonies generated after treatment of
H1299 stable transfectants expressing full length, either deletion mutants or control vector with
6µM Etoposide or DMSO. The results shown are representative of 2 different experiments,
with the vector and full length MDM2 harboring stable cells common to both. Percent survival
was calculated considering number of colonies generated in the vehicle treated plates to be
100%. The experiments differed in the use of the deletion mutant. Experiment was done in
triplicates and error bars representing standard deviations are shown.
Inhibition of Akt phosphorylation renders the cells expressing deletion mutant Del 1120 sensitive to Etoposide treatment. To show that Del1-120 expressing cells provided
resistance to Etoposide by augmenting the Akt pathway, we used the Akt inhibitor, SH-6
to inhibit the Akt phosphorylation and performed clonogenic assays as described earlier
with Etoposide. Our results clearly shows that Sh-6 inhibits Akt phosphorylation( Figure
21B) and these cells became sensitive to the treatment with Etoposide (Figure21A).

Figure21. Inhibition of Akt phosphorylation renders the cells expressing deletion
mutant Del 1-120 sensitive to Etoposide treatment. Panel (A) shows a bar graph to
compare number of colonies generated after treatment of H1299 stable transfectants
expressing deletion mutants with 1.76 μM SH-6 or DMSO and colony formation assay
with 6µM Etoposide. Panel (B) shows inhibition of Akt phosphorylation by SH-6. Total
Akt is used as loading control and indicated.
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The phosphorylated Akt-MDM2 interaction domain is required for the increased Akt
phosphorylation in the presence of MDM2. To fine map the domain of MDM2, we
performed further deletion mutant analysis with deletion mutants 1-189 and deletion
mutants 491-220(179) H1299 cells were nucleofected with 4µg of plasmids expressing
either full length, deletion 1-189, deletion 491-220 or control vector, harvested after 8
hours and analyzed by western blotting. Our results show that both the deletion mutants
and full length MDM2 enhance the levels of Akt phosphorylation (Figure 22B). Taken
together with our previous deletion mutant analysis, we inferred that the region between
amino acids 189-220 was required for our observation. Interestingly, work from other
laboratories have shown this to be the region that interacts with phosphorylated Akt in
the cytoplasm which leads to phosphorylation of MDM2 and the consequent entry of
MDM2 into the nucleus.
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Figure22. The phosphorylated Akt-MDM2 interaction domain is required for the
increased Akt phosphorylation in the presence of MDM2. The known functional
domains of MDM2 are indicated (A). Akt phosphorylating ability of the full-length and
deletion mutants of MDM2 were determined by Western blot analysis after their transient
expression in H1299 cell line (B). A mouse monoclonal antibody 2A10 was used to detect
the N-terminal deletion mutant of MDM2 (Del 1-89), and a rabbit polyclonal antibody N20
was used to detect the C-terminal deletion mutant Del 491-220. Other antibodies have been
described in Figure 4.

c.

Chapter Summary.

To determine the mechanism by which MDM2 activates the Akt pathway, we tested the
importance of the PI3K signaling pathway and found that it was required for the activation.
As shown by the addition of IGF-1, there is an augmentation of Akt phosphorylation which
seems to be an upstream signaling event. However, there is no change in the level of the
Threonine 308 phosphorylation on Akt. It could very well be that the pathway leading to
the phosphorylation of Threonine 308 could be deregulated and this requires further
investigation. To further investigate the point that Akt may require the PI3K pathway for
its activation in the presence of MDM2, we show that Rictor has no role in this MDM2
mediated Akt phosphorylation. Also transcript levels of known phosphatases like PHLPP
and Akt binding protein CTMP which serves to de phosphorylate Akt are not shown to be
reduced. Since these seem to suggest an extracellular membrane bound receptor mediated
signaling event, we checked if there is any increase in IL-8 transcript levels and find that it
is higher in the presence of MDM2. Also supporting the result is the fact that MDM2 overexpressing cells migrate faster. So this seems to be a plausible mechanism by which
MDM2 activates Akt; more experiments are needed to confirm it.
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Since the domains of MDM2 are well mapped out and their interacting partners have been
studied over the years, we did a deletion analysis to figure out what domain(s) of MDM2
was/were responsible for our observation. Interestingly, we found that the region of
MDM2 implicated by others to be responsible for binding to Akt in the cytoplasm is the
region, which when present augments Akt phosphorylation in our experiments. This falls
well into our hypothesis that MDM2 would need Akt phosphorylation for its oncogenic
properties like increased growth, migration and survival.
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L. Chapter 5
Determination of events downstream of MDM2 mediated Akt phosphorylation.
The manuscript for the work presented in this chapter is currently under preparation.

a. Introduction. The PI3K/Akt pathway activation has been shown to be involved in
proliferation, migration, survival, insulin signal transduction and chemotherapeutic
resistance through the phosphorylation of downstream substrates(89,90) (Figure3). Akt
activation mediates many of the cellular effects of insulin. Insulin mediated Akt activation
has been shown to be severely diminished in patients with Type 2 diabetes. The targets in
this pathway include the Glycogen Synthase Kinase (GSK3)(180,181), Mammalian Target
of Rapamycin (mTOR) (182,183)and Insulin Receptor Substrate( IRS-1)(184,185) among
others. Over-expression of Akt has been shown to have an anti apoptotic effect in many
cell types. The components of the apoptotic machinery including the Bcl-2 family
proteins, caspases and transcriptional regulators of apoptosis like Fas ligands, have been
shown to be influenced by the Akt activation(89,113,114,118). Akt has been shown to
increase proliferation and migration by its ability to phosphorylate the IκB kinases ( IKKs)
and thereby activate the NFκB pathway(121-123). Akt activation has also been shown to
increase in cyclin D levels(124,125). PKB has also been shown to be involved in inducing
angiogenesis by activating endothelial Nitric Oxide Synthase (eNOS), resulting in the
sustained production of Nitric Oxide by endothelial cells(186-188).
We therefore set out to determine if MDM2 mediated Akt phosphorylation can result in the
activation of known substrates of Akt and to try and map out the pathways that result in
MDM2 mediated increased proliferation, migration and chemotherapeutic resistance.
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b. Experimental results.
MDM2 over-expressing cells show increased GSK3α/β phosphorylation: A well known
target of Akt is the kinase GSK3, a component of the Wnt pathway. GSK3α and GSK3β
have shown to be involved in the phosphorylation and degradation of βcatenin, thus
inhibiting β catenin’s transcriptional effects. The activity of GSK3 is normally suppressed
in proliferating cells by phosphorylation mediated by Akt and other kinases(126-128). We
therefore looked at whether MDM2 over-expression led to the modulation in the levels of
GSK3 phosphorylation. We observed that while MDM2 expressing cells had enhanced
levels of phosphorylated GSK3α/β (Figure 23A), treatment of the cells with Sh-6 abrogates
it (Figure23B). Further, silencing of endogenous MDM2 in SJSA-1 cells lowers the
phosphorylation of GSK3α/β. Therefore these results seem to suggest that MDM2
mediated Akt phosphorylation results in the phosphorylation of downstream GSK3α/β.
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Figure23. MDM2 over-expressing cells show increased GSK3α/β phosphorylation:
(A) H1299 stable transfectants expressing MDM2 or empty vector were pretreated with
1.76µM SH-6 or DMSO for 4 hours, harvested and analyzed by western blotting.(B)
Densitometric analysis on (A) performed on the P-GSK3α and P-GSK3β bands after
normalizing the intensity with total GSK3α and total GSK3β. (C) SJSA-1 cells were
infected with lentivirus packaged with plasmid expressing either shRNA against MDM2
or non specific luciferase as control for 4 days, harvested and analyzed by western
blotting. Antibody for GSK3α/β phosphorylated at ser 21/9 ( #9331) was from Cell
Signaling Technologies and GSK3α/β (sc-56913) from SantaCruz Biotechnologies. Other
antibodies are mentioned in Figure 4. Migration of the proteins are shown by arrows.
Induction of MDM2 elevates known Akt targets involved in proliferation, migration
and chemo resistance pathways: Since MDM2 over-expression led to enhanced Akt
phosphorylation and increased proliferation, migration and resistance to chemotherapeutic
agents, we decided to do a RT profiler PCR array (SuperArray) to get a broad idea of
which genes are differentially regulated by MDM2 over-expression(189,190). Since the
functions of most of the genes in the PI3K/Akt pathway have been well characterized, this
would give us an insight on the various pathways that were getting activated because of
MDM2 mediated Akt phosphorylation. We developed a Ponasterone inducible clone that
expressed MDM2 when Ponasterone was added to the media (Figure24A)(191,192). We
isolated the RNA, made cDNA and used it in our array consisting of 84 genes. The genes
that showed the most significant changes are shown (Figure 24C). Genes like Fibronectin
and PECAM-1 play a major role in cell adhesion, growth, migration and differentiation,
and are important for processes such as wound healing and embryonic development. These
have been shown to be able to activate the Akt pathway(193). Further study will confirm if
they are involved in the mechanism by which MDM2 enhances Akt phosphorylation. The
Activator Protein1/cJun transcription factor has been implicated in various cancers and has
been shown to be activated by the Akt pathway(194). IL8 expression was enhanced just as
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what we saw with our stable MDM2 expressing H1299. Genes like IKK beta, INOS, IL2
and IL8 have been shown to be important members of the NF-κB pathway with IKK beta
phosphorylation activating the pathway and INOS, IL2 and IL8 are targets downstream; all
of which have been shown to be activated by Akt pathway signaling.(195-197). Ornithine
Decarboxylase has been shown to be regulated by insulin signaling(198)`. The links
between PKC alpha and PKC epsilon and the Akt pathway is well studied(199,200). The
most significant of our result was the anti apoptotic gene Bcl2, which showed a 96 fold
increase. BCLxl was also higher, which seemed to imply that the anti-apoptotic pathway
was activated when MDM2 is induced. Since Bcl2 levels have been shown to be up
regulated when the Akt pathway is activated(113), this may be the pathway by which
MDM2 increases Bcl-2 levels.
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Figure24. Induction of MDM2 elevates known Akt targets involved in proliferation,
migration and chemo resistance pathways: (A) A ponasterone inducible clone was
harvested after treatment with either 5µg/ml final concentration ponasterone or equal volume
of vehicle, harvested at 24, 48 and 72 hours after addition of ponasterone and analyzed by
western blotting. Antibodies used are mentioned in Figure 4 and migration of the proteins
shown by arrows. (B, C) Normalized fold change in transcript levels of the labeled genes
determined by qPCR array shown by bar graphs. An endogenous GAPDH control was used
to ensure equal mRNA levels in each sample.

MDM2 induces Bcl-2 expression both at transcriptional and protein levels: Since
MDM2 offers resistance to chemotherapeutic agents and induces Akt phosphorylation, we
looked at the proteins which are known Akt targets and have been implicated in drug
resistance. Bcl-2 has been shown to be induced by Akt phosphorylation(113) and its
increased levels have been correlated to resistance to Paclitaxel and Etoposide
resistance(201-204). Our qPCR array result showed that there was a 96 fold increase of
Bcl-2 transcripts when MDM2 was induced in H1299 cells. Therefore we decided to
confirm if the same was true in our H1299 cells, stably expressing MDM2. Our results
show that MDM2 induces Bcl-2 expression both transcriptionally (Figure 25A) and at the
level of protein (Figure 25B). To further confirm whether endogenous MDM2 plays a role
in the modulation of Bcl-2 levels, we analyzed SJSA-1 cells stably expressing shRNA
against MDM2 (Figure 5B) for Bcl2 levels transcriptionally and found that the cells where
MDM2 was silenced had the Bcl2 expression repressed (Figure 25C). Further we infected
SJSA-1 cells with lentivirus packaged with plasmids expressing shRNA against MDM2 or
non specific luciferase for control and harvested the cells after 4 and 5 days for western
analysis. As shown (Figure 25D), silencing of MDM2 decreases the protein levels of
Bcl-2.
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Figure25. MDM2 induces Bcl-2 expression both at transcriptional and protein levels.
Normalized fold change in transcript levels of MDM2 and Bcl-2 determined by qPCR is
shown by bar graphs (A, C). An endogenous GAPDH control was used to ensure equal
mRNA levels in each sample. Experiments were conducted as technical triplicates with error
bars shown indicating standard deviations (B). Experiments have been repeated and show
similar trend. H1299 stable transfectants expressing MDM2 and control cells were harvested
and analyzed by western blotting (D). SJSA-1 cells were infected with lentivirus packaged
with plasmids expressing either shRNA against MDM2 or non specific luciferase for either 4
or 5 days, harvested and analyzed by western blotting. The antibody for Bcl-2 (610538) was
from BD Biosciences. Other Antibodies are as in Figure 4.
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MDM2 induces enhanced processing and increased nuclear localization of NFκB2.
Gustin et al showed that activation of the Akt pathways induced the processing of the non
canonical NFκB pathway precursor p100 to p52(205). The processing has been implicated
in the up-regulation of Bcl-2 and also in cellular processes such as proliferation, migration
and resistance to chemotherapeutic agents(206-208). Therefore we studied if MDM2
expressing cells show higher level of NFκB2 processing. Our result (Figure 26A) shows
that when MDM2 is induced in H1299, it leads to enhanced processing of NFκB2. Since
NFκB2 is a transcription factor(206-208), we decided to check if we have more processed
form of the protein in the nucleus when MDM2 is over-expressed. We therefore did a
cytoplasmic and nuclear extraction of H1299 stable transfectants and looked for the levels
of processed and unprocessed form of NFκB2. We see (Figure 26B) that there is more
nuclear localization of NFκB2 when MDM2 is stably expressed.
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Figure26. MDM2 induces enhanced processing and increased nuclear localization
of NFκB2. (A) The ponasterone inducible clone was treated with 5µg/ml ponasterone or
equal volume of vehicle for 24 hours, harvested and analyzed by western blotting.
(B)Cytoplasmic and nuclear extracts of the stable H1299 transfectants expressing
MDM2 or empty vector were made and analyzed by western blotting. β Tubulin is used
as cytoplasmic marker and Sp1 as nuclear marker. Antibodies for NFκB2 (#05-361) was
from Upstate Biotechnologies and Sp1 (sc-59 1) from Santa Cruz Biotechnologies.

Silencing of NFκB2 sensitizes the MDM2 over-expressing cells to Paclitaxel, but not
Etoposide treatment. Since NFκB2 has been implicated in the resistance to
chemotherapeutic agents(206-208), we tested if our MDM2 over-expressing cells offered
resistance to Etoposide and Paclitaxel treatment through the NFκB2 pathway. Therefore
we infected H1299 stable transfectants with lentivirus packaged with plasmids expressing
shRNA against NFκB2 and silenced the protein levels of NFκB2 (Figure27A). These cells
were then plated in equal numbers and clonogenic assays were performed to test their
resistance to Etoposide or Paclitaxel. We observed that that there is no effect in the
resistance to Etoposide when the NFκB2 in the MDM2 over-expressing H1299 is silenced
(Figure 27B). However silencing NFκB2 sensitizes the cells to Paclitaxel; the levels of
NFκB2 in the cell correspond to the survival levels after drug treatment (Figure 27C).
Therefore it can be concluded that MDM2 offers resistance to Paclitaxel through the
NFκB2 pathway.
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Figure27. Silencing of NFκB2 sensitizes the MDM2 over-expressing cells to Paclitaxel,

but not Etoposide treatment (A) Stable transfectants of H1299 expressing either MDM2 or
empty vector were infected with lentivirus packaged with plasmids expressing either shRNA against
NFκB2 or non specific luciferase. Arrows indicate migration of respective proteins. Clonogenic
assays performed on NFκB2 silenced cells using (B) 1μM Etoposide or (C) 25nM Paclitaxel. Percent

survival was calculated considering number of colonies generated in the vehicle treated
plates to be 100%Experiments done in triplicates and error bars indicating standard deviations are
shown.
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Silencing NFκB2 decreases proliferation rate. The NFκB2 pathway has been correlated
with enhancement of proliferation rates in cells (209). Since we observed increased growth
rate and more processing of NFκB2 when MDM2 is over-expressed, we decided to test the
role of NFκB2 in proliferation. We silenced NFκB2 in H1299 cells using siRNA (Figure
28A) and plated equal number of cells for a growth assay. The result (Figure28B) clearly
shows that lowering of NFκB2 reduces the growth rate of the cells.

Figure28. Silencing NFκB2 decreases proliferation rate. (A) H1299 cells nucleofected
with 80 pm siRNA against NFκB2 or non specific scrambled control was harvested 24 hours
post nucleofection and analyzed by western blotting. (B) Equal number of scrambled RNA or
siNFκB2 treated H1299 cells were plated 24 hours after nucleofection. The plates were
harvested every 24 hour post plating and counted using a coulter counter. The experiment
was conducted in triplicates and error bars are representing standard deviations of the cell
counts are shown.
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c. Chapter Summary. To identify the consequence of MDM2 mediated Akt
phosphorylation, we looked at the players involved in the cell processes mediated by Aktincluding but not limited to insulin metabolism, proliferation, migration and survival. One
of the most studied downstream event of Akt phosphorylation is the phosphorylation of
GSK3. We see enhanced GSK3 phosphorylation in the presence of MDM2 and we show
that it is mediated by Akt phosphorylation. Also silencing MDM2 reduces the
phosphorylated GSK3 levels. A broad idea of the consequence of MDM2 over-expression
is demonstrated by the qPCR array we performed using cDNA prepared from an inducible
MDM2 system. The resulting modulation of genes, which have been shown to be involved
in the Akt pathway, reinforces our observation of MDM2 mediating the expression of the
Akt pathway. Further we show that stable MDM2 over-expressing cells have increased
transcription and protein levels of anti apoptotic Bcl2. Also silencing endogenous MDM2
leads to reduction in Bcl2 levels. Bcl2 levels have been correlated with Akt
phosphorylation and resistance to drugs like Etoposide and Paclitaxel. This could be a
mechanism of drug resistance in MDM2 over-expressing cells due to increased Akt
phosphorylation. Further investigation is required at this point. We also demonstrate the
ability of MDM2 to increase processing and nuclear translocation of NFκB2. By silencing
NFκB2, we show that the Paclitaxel resistance offered by MDM2 is diminished and this
therefore being the route through which MDM2 increases resistance to Paclitaxel. Finally,
we show the role played by NFκB2 in proliferation, thus providing a plausible mechanism
of MDM2 mediated increased proliferation.
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M. Discussion:
MDM2 over-expression occurs in nearly 7% of all cancer types(15). Biochemical and
genetic studies have shown a relationship between MDM2 over-expression and cancer
development. MDM2 is also used as a prognostic marker in the clinic and is an important
target for anti cancer drug development(133). However no significant treatment strategy
has been identified in cancers where MDM2 is over-expressed.(141) Most of the studies
involving MDM2 attribute its oncogenic potential to its ability to bind with and degrade
the tumor suppressor p53. However MDM2 has p53 independent activities and it has been
shown to be oncogenic in permissible environments(54). This leads to the question of what
mechanisms are employed by this oncogene towards oncogenesis.
A lot of recent work has shown the involvement of MDM2 with the mitogenic signaling
pathways. MDM2 has been shown to be phosphorylated by Akt at Serine 166,186 and
188(67,85,86). This event results in the nuclear translocation of MDM2 and further
binding and degradation of p53; phosphorylation of MDM2 by Akt is thought to be
necessary for degradation of p53 and a mechanism of oncogenesis. MDM2 is known to
shuttle between the nucleus and cytoplasm and has also been shown to have activities
outside the nucleus. Examples of this include degradation of cell surface receptors like
IGFR(68), Androgen receptor(81) by MDM2, binding to and degrading signaling
molecules like GRK-2(70) and β Arrestin (69). The current thinking behind these activities
of MDM2 is that after nuclear entry and its interaction with p53, MDM2 gets exported out
of the nucleus and the excess MDM2 is available for the above interactions(69,70).
However, there is no study to indicate the sequence of events when the cell lacks p53.
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Although much has been done to show the role of activated Akt pathway in the nuclear
entry of MDM2, there is no explanation for situations in which there is over-expression of
MDM2 in the cell. We have observed that a transient over-expression of MDM2 shows
most of the expression within hours of transfection, reaching a peak at about 8 hours and
then the levels going down. It has been suggested that MDM2 protein levels are regulated
by self-ubiquitination, which happens after nuclear entry and subsequent export. An
intuitive suggestion would be that enhanced levels of Akt activation would be required for
phosphorylation of the increased pool of MDM2 to facilitate its nuclear entry, which
precedes its export. This scenario is depicted in Figure 29,

Figure29. MDM2 and Akt phosphorylation. (A) The interaction of MDM2 and
phosphorylated Akt results in the phosphorylation of MDM2 and subsequent nuclear entry.
(B) When MDM2 is over-expressed, the pool of phosphorylated Akt will be used up to drive
the nuclear entry of MDM2, and the unphosphorylated MDM2 which remain in the cytosol
may demand for increased Akt phosphorylation.
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Our observation that MDM2 mediates Akt phosphorylation represents a novel signaling
event. Both cancer cell lines and normal diploid fibroblasts show enhanced Akt
phosphorylation when MDM2 is over-expressed and silencing of endogenously overexpressing MDM2 in cancer cell lines reduces the Akt activation. Also importantly, this is
an event that is independent of two of the most important tumor suppressors- p53 and
pTEN, as H1299 cell lines lacks p53 and has suppressed PTEN expression(210,211).
We observed that MDM2 over-expressing cells could offer enhanced chemo resistance to
drugs used in the clinical setting against various cancer subtypes. Several mechanisms
have been put forth to explain the possible role for MDM2 in decreasing response to
chemotherapy. Besides the most well known ability to degrade p53 and therefore reduction
in apoptosis and cell cycle arrest, MDM2 has been shown to increase the expression of the
Multidrug Resistant gene (mdr1) atleast in glioblastoma cell lines(212). Other groups have
shown the ability of MDM2 to increase p65 expression and therefore cause Doxorubicin
resistance(80). Here we show that by inhibiting the Akt phosphorylation we can sensitize
MDM2 over-expressing cells to treatment by Etoposide. Since there is no treatment
strategy available at present when MDM2 over-expression is used as marker, targeting the
Akt pathway in these tumors could be pursued as a viable treatment technique. Also
whereas most of the current work focusing on small molecule inhibitors, peptide blockers
and RNA interference against MDM2 has been shown to induce the apoptotic cell death in
normal cells, targeting the Akt pathway has been shown to be more specific(213). If more
data is generated in this scheme, we will be able to have a clearer picture on this treatment
strategy and work on its short comings.
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We also show that inhibition of Akt phosphorylation serves to counter the enhanced
proliferation rate in cells over-expressing MDM2. Further we show that MDM2
expressing cells have increased migration ability. Since the cell processes of increased
proliferation, migration and chemo resistance are properties that define the nature of cancer
cells, it seems to suggest that MDM2 mediated oncogenesis could occur through the
activation of the Akt pathway.
Towards finding a mechanism of Akt activation by MDM2, we studied the importance and
requirement of the PI3K pathway and found that inhibition by wortmannin can inhibit the
Akt phosphorylation by MDM2. Also we see enhanced IGF-1 signaling occurring when
cells over express MDM2 and when endogenous over-expressed MDM2 is silenced, it
reduces the IGF-1 signaling pathway. Since the IGF-1 has been shown to activate Akt
through the PI3K pathway(169-172), this suggests that MDM2 mediated Akt
phosphorylation happens through the PI3K pathway. Also it suggests that MDM2 may be
augmenting some factor in the signaling pathway, since silencing MDM2 reduces the
signaling mechanism. However there is no change in the levels of Threonine 308
phosphorylation by MDM2 which may be a counter argument for the role of the PI3k
pathway(100,101,163,164,173). This may be explained in terms of the deregulation of the
PDK1 in H1299, which serves to phosphorylate Akt at Threonine 308 or some other
member in the pathway. Further investigation is required for a more substantial answer.
Another supporting evidence for the role of the PI3K pathway comes from our observation
that Rictor, a kinase which has been shown to phosphorylate Akt at Serine 473 residue
specifically(99) does not play any role in MDM2 mediated Akt activation. Also there is no
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change in transcript levels of PHLPP, a phosphatase specific for serine 473
residue(106,107) and CTMP, a protein that binds to Akt and dephosphorylates it(109). It
should be taken into consideration that Akt phosphorylation at serine 473 can be performed
by other cellular kinases like ILK(100-102), DNA-PK(104) when there is DNA damage as
well as other, still debatable kinases. A more definite answer would require substantial
work to be done for the proper mechanism to be charted out. An additional insight on the
mechanism can be got from the ability of MDM2 to increase transcript levels of CXCL8 or
IL8. This has been shown to be able to activate the Akt pathway. Also it falls in place with
our migration data(177). This needs further investigation and could prove to be the
mechanism.
MDM2 has been shown to interact with a wide variety of proteins in the cell and modulate
their expression and thereby cellular processes. These interactions have been mapped to
the various domains of MDM2 and have served the purpose of providing valuable clues in
identifying the properties of MDM2 and their mechanism(54,166). Our domain analysis
resulted in the identification of a domain stretching from amino acids 189-220, which has
been shown to be the region where MDM2 and phosphorylated Akt interact(86), to be
responsible for our observation. The domain analysis also allowed us to negate the
possibility of our observation to be caused by one of our previous observations in the
laboratory- MDM2’s interaction with Elongation Factor EF1α. This interaction required
two domains lying between amino acids 1-58 and another between amino acid 221325(82) and MDM2 mediated Akt phosphorylation does not seem to require the first 154
amino acids at least. Also we showed that deletion mutants able to induce phosphorylation
72

of Akt, increase resistance to Etoposide and inhibition of the Akt phosphorylation in these
mutant expressing cells, sensitizes them to drug treatment similar to what we see with full
length MDM2.
In trying to figure out the consequences of MDM2 mediated Akt phosphorylation, we
looked at one of the most frequently studied downstream target of Akt phosphorylation,
GSK3(126-128,180,181) and found that MDM2 expressing cells express higher levels of
phosphorylated GSK3α and β. These levels can be reduced by using an inhibitor targeting
Akt, thus proving the importance of the elevation of Akt activation towards increasing
phosphorylated GSK3 levels. Also silencing endogenous levels of MDM2 in overexpressing cell lines reduces the GSK3 phosphorylation. We also did a qPCR array to
identify some of the targets, shown to be involved in the Akt pathway that get modulated
by MDM2 induction in an ponasterone inducible clone. Our result showed changes in
expression of genes which have been identified to be important in processes of
proliferation, migration, apoptosis resistance, chemotherapeutic resistance among others.
The most significant changes were shown by genes which controlled apoptosis with
Bcl2(113), an anti apoptotic factor showing nearly 96 fold increase. Therefore we validated
this result and saw that MDM2 over-expressing cells indeed expressed higher transcript
and protein levels of Bcl2. Also, silencing of MDM2 reduced Bcl2 levels. Consistent with
the ability of activated Akt to induce processing of NFκB2(205), we observed that MDM2
over-expressing cells had higher levels of processed NFκB2. Also we show that MDM2
over-expressing cells have higher nuclear localization of NFκB2. This is important because
NFκB2 is a well known transcription factor and has been shown to activate genes
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responsible for proliferation, migration, and drug resistance and anti apoptosis including
Bcl-2(206-209,214). Towards finding the role of NFκB2 in MDM2 mediated chemo
resistance; we did clonogenic assays after silencing NFκB2 and present evidence that the
MDM2 mediated Paclitaxel resistance goes through the NFκB2 route. However lowering
of NFκB2 does not compromise MDM2 mediated resistance to Etoposide. Further work
will be required to elucidate the exact mechanisms of drug resistance to Etoposide and
Paclitaxel and it will be interesting to figure out the distinct pathways by which MDM2
provides resistance to various chemotherapeutic agents.
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N. Experimental Methods.
Plasmids and siRNA: The MDM2 cDNA was a generous gift from Bert Vogelstein(Johns
Hopkins University Medical Institutions, Baltimore, MD)(215).Construction of plasmids
expressing full-length MDM2 and its deletion mutants has previously been described in
detail ((45,47)). Plasmids (pLKO.1) expressing short hairpin (sh) RNA against MDM2 and
NF-κB2 from U6 promoters and harboring puromycin resistance gene were purchased
from Open Biosystem. The control plasmid expresses shRNA against non-endogenous
luciferase gene. Plasmid (pLKO.1) expressing short hairpin (sh) RNA against Rictor from
U6 promoter, Rictor-1 was purchased from Addgene. The Short interfering (si) RNA
,siGENOME SMARTpool reagent M-003279-02-0005, directed against human MDM2
(MDM2 siRNA) was purchased from Dharmacon, si RNA against NFκB2 (duplex of 5’rgrCrCrCUrgrArgUrgrCrCUrgrgrAUrCU TT-3’ and 5’rArgrAUrCrCrArgrgrCrArgrgrgr
TT-3’) and control scramble RNA ( duplex of 5’rCrAUrgUrCrAUrGUrgUrCrArCrAUrCUrC TT -3’ and
5’rgrArgrAUrgUrgrArCrArCrAUrgrArCrAUrG TT-3’) was designed using a program
suggested by Qiagen Inc, and was purchased from Proligo.
The pINDβglobin intron MDM2 used for generating the inducible clones was generated by
restriction digestion of the pINDβglobin vector (Invitrogen)using BamH1 and ligating it
with the MDM2 cDNA. This clone was designated the pINDβglobinMDM2.
Cells, transfections and generation of stable transfectants: H1299, MCF10A and WI38
cells were purchased from American Type Culture Collection and were maintained in
media as suggested by the suppliers. SJSA-1 cell line was a kind gift from A.T. Look
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(216). HEK 293T cells was a kind gift from Dr Qui Y (University of Maryland) For
nucleofection, cells were seeded 48 to 72 hours before transfection. Cells were then
trypsinized, and a suspension of 3X106 cells was mixed with plasmids or siRNA and
pulsed (nucleofected) using a Nucleofector and kit reagents (Amaxa) following supplier’s
protocol and plated in 10cm culture dishes in normal growth media. To generate MDM2
stable transfectants, H1299 cells were lipofected with MDM2 expression plasmids (fulllength or deletion mutants) or vector plasmid harboring neomycin resistance gene using
lipofectamine 2000 reagent( Invitrogen) as per manufacturer’s protocol. The cells were
pooled and selected using 100μg/ml of G418 (GibcoBRL). To generate stable transfectants
expressing MDM2 shRNA, SJSA-1 cells were transfected with pLKO.1 plasmids
expressing MDM2 shRNA or luciferase shRNA by nucleofection. Nucleofected cells were
selected with pooled and selected using 2μg/ml puromycin (Invivogen). Several MDM2
shRNA expression plasmids were tested to select expression vectors efficiently silencing
MDM2 expression.
Antibodies: Antibody against MDM2 (IF-2) from Calbiochem or N-20 (SC813 ) from
Santa Cruz was used in 1:100 dilutions. 2A10 antibody was a gift from Arnold Levine and
was used at 1:200 dilutions. Antibody against, Akt phosphorylated at Ser473 (#9271) and
Thr 308(#9275), Rictor (#2114), GSK3α/β phosphorylated at ser 21/9 ( #9331) were
purchased fromCell Signaling and used as per manuufacturer’s instructions., β-actin
antibody (AC-15) was purchase from Sigma and used at 1:5000 dilution, CDK4 antibody
Ab-2 was purchased from Calbiochem and used at 1:1000 dilution. Akt (sc-8312),
GSK3α/β (sc-56913), Sp1(sc-59 1)and GAPDH (sc32233) was purchased from Santacruz
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Biotechnology and used at 1:1000 dilution, NF-κB2 (#05-361) was purchased from
Upstate Biotechnology and used at 1:5000 dilution, pERK(V-8031) was purchased from
Promega and Bcl2 (610538 ) from BD biosciences and used as per manufacturer’s
protocol.
Western Blot Analysis: Cells were washed with ice-cold phosphate buffered saline (PBS)
and harvested in a cell lysis buffer (Promega) containing 50 mM NaF, 0.1M
phenylmethylsulfonyl fluoride, Na pyrophosphate, Na orthovanadate and protease
inhibitors as described previously (9, 18). The lysate was boiled for 5 minutes in 4X
lamellae loading buffer dye (50 mM Tris-HCl pH 6.7, 2% SDS, 2% β-mercaptoethanol,
and bromophenol blue) and analyzed by SDS-polyacrylamide gel electrophoresis, followed
by Western blot analysis using respective antibodies ((217)).
For westerns involving detection of phosphorylated Akt, the plates were washed with ice
cold PBS once and harvested in 1 ml ice cold PBS by scrapping into tubes. They were
spun at 990g, 10 mins,4 OC and the pellets treated with lysis buffer consisting of187.5mM
Tris-HCl(pH6.8 at 25OC), 6%w/v SDS, 30% Glycerol, 150mMDTT and 0.035 w/v
bromophenol blue and sonicated for 15 secs,( 5 secs on, 2secs off pulses) at out put of 3 in
a Misonix 3000 sonicator using a microtip. The tubes were spun down, boiled and
analyzed by SDS-polyacrylamide gel electrophoresis using a 10% acrylamide gel,
followed by Western blot analysis using respective antibodies.
Inhibitors and chemotherapeutic drugs: Wortmannin (Upstate Biotechnology)
treatments were carried out at a concentration of 100 nM for 4 hours ((121,218) ). Akt
inhibitor SH-6 (AKT III) (Calbiochem) was used at a concentration of 1.76 μM for 4
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hours. After pretreatment, cells were either harvested for Western blot analysis or plated to
determine drug sensitivity by colony formation assay. IGF-1 (#I3769) was purchased from
Sigma and used at 50ng/ml final concentration. Etoposide, Carboplatin and Paclitaxel were
purchased from Sigma and used at appropriate concentrations.
Determination of drug sensitivity by colony formation assay: Colony formation assay
was performed as reported earlier (219). Cells were seeded at equal density in 10-cm plates
in triplicate and treated with chemotherapeutic drugs at specified concentration or the
vehicle for 48 hours. Cells were then grown in normal growth media to allow colony
formation by viable cells. After generation of colonies cells were fixed with methanol,
stained with methylene blue and colonies were counted.
Growth Assay: Cells were seeded at a density of 1X104 cells per 60-mm plate. Fifteen
plates of each line were plated initially. Whenever needed three plates of each was
trypsinized and cells were suspended in 1 ml of serum containing medium. Cells were
counted using a Beckman Coulter Counter and the total number of cells calculated and
plotted. Media in the remaining plates were changed every day. Standard deviations were
calculated from the three individual experiments run simultaneously.
Lentivirus generation and infections: Lentiviral production was done by co-transfection
of pDelta8.7 backbone, pVSVG and the pLKO.1 vectors expressing the shRNA into 293T
cells by calcium phophate transfection(220). The media was harvested after 48 h and
aliquoted. It was subjected to flash freezing and further storage at -80 OC.
Cells were seeded at a density of 2X105 in 10cm plates, 24 hours prior to the infection. For
infection, the media was removed and the cells were washed once with Hanks Balanced
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Salt Solution. The frozen virus was thawed quickly and added to the plates. The plates
were rocked every 15 minutes by hand and incubated at 37 OC. After 2 hours fresh media
containing 10%serum was added and kept in the incubator at 37 OC, 5%CO2.
Migration assay: For the scratch assay, cells were trypsinized using 0.1% trypsin-2.21mM
EDTA (Mediatech, Herndon, VA) and plated in triplicate in a 12-well cell culture plate
(Greiner Bio-One, Monroe, NC) and incubated at 37° C until cells were completely
confluent. At this time, a sterilized pipette tip was placed within each well and scratched
across the surface of the plate removing the complete layer of cells within the scratch area.
Following cell removal, each well was washed once with PBS and then replaced with
medium. Immediately following, the width of the scratch was measured at a specific point
under a 5x objective using a light microscope and AxioVision software. Cells were then
returned to a 37° C incubator. Cells were incubated for a total of 20 h, at which time the
scratch width was measured again using the same procedure and at the same position as in
time 0.
Indicible clone generation: Ponasterone inducible clones were generated as per
manufacturer’s protocol (Invitrogen). Briefly, H1299 cells were plated one day previous to
the transfection in a 6well plate. The next day, co transfection was conducted on these cells
with pvgRXR (Invitrogen) and the pINDβglobinMDM2 using
Lipofectamine2000(Invitrogen) using manufacturer’s protocol. After 24 hours the cells
were trypsinized and re-plated in a10cmplate and selected using 100μg/ml G418(Gibco)
and 25μg/ml Zeocin(Invitrogen).Clones were then picked and allowed to undergo further
selection and grow and analyzed by induction with 5μg/ml Ponasterone A(Invitrogen).
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RNA extraction Generation of cDNA and quantitative PCR (QPCR):Total RNA was
isolated from exponentially growing cultured cell lines using TRIzol reagent (Life
Technologies, Invitrogen) following a protocol supplied by the manufacturer. Quality of
RNA was checked by 2% agarose Tris-borate-EDTA gel electrophoresis. cDNA was
synthesized using the Thermoscript reverse transcription- PCR system (Invitrogen).
QPCR was performed using a LightCycler system (Roche). Primers were designed using
OLIGO 5 software (Molecular Biology Insights) and were synthesized by Sigma
Genosys(MDM2, GAPDH) or IDT(CTMP,PHLPP). Reactions were performed in
triplicate utilizing SYBR green dye, which exhibits a higher fluorescence upon binding
of double-stranded DNA. The methods have been described previously (219). The
QPCR primers used were as follows:
(a) MDM2, 5’- CCC AAG ACA AAG AAG AGA GTG TGG- 3’ and 5’- CTG GGC
AGG GCT TAT TCC TTT TCT- 3’;
(b) GAPDH, 5’-GTC AAC GGA TTT GGT CGT ATT-3’ and 5’- GAT CTC GCT CCT
GGA AGA TGG-3’,
(c) CTMP,5’-CTAAGACTGCTCTTTGACCAG 3’ and 5’CTCCATGAATGAATCCAGGT-3’
(d) PHLPP, 5’ CACCCCATCTGTCTGTCCA3’ and
5’GCTGCTGTTTCTCCTTCTCC3’.
(e) Bcl2, 5’- CAACATCGCCCTGTGGAT-3’ and 5’
GCCAAACTGAGCAGAGTCTTC3’
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(f) CXCL8, 5’-TTTTGCCAAGGAGTGCTAAAG-3’ and 5’AACCCTCTGCACCCAGTTTTC-3’
(g) Actin, 5’-CATGTACGTTGCTATCCAGGC-3’ and 5’CTCCTTAATGTCACGCACGAT-3’.
PCR-Array: The Ponasterone inducible clone cells were induced for 24 hours and RNA
extracted and cDNA generated as mentioned earlier PCR was performed in a Human
Signal Transduction Pathway Finder RT2 ProfilerTM PCR Array(SuperArray Bioscience
Corporation) in a ABI Prism 7500 Sequence Detector (Applied Biosystems). For data
analysis the ΔΔCt method was used; for each gene fold-changes were calculated as
difference in gene expression between induced and uninduced cells.
Preparation of cytoplasmic and nuclear extracts: Cyotosolic and nuclear extracts were
prepared following a method by Mendez and Stillman (221) Cultured cells were harvested
by trypsinization, washed with phosphate buffered saline and were resuspended in a buffer
A containing 10 mM HEPES (ph 7.9), 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10%
glycerol, 1 mM DTT, 1X protease inhibitor (Calbiochem), and 0.1 mM PMSF (phenyl
methyl sulfonyl fluoride, Sigma). Cells were lysed by addition of Triton X-100 to a final
concentration 0.1%, and incubating on ice for 5 minutes. Nuclei were collected by low
speed centrifugation (4 min, 1,300g, 4˚C). The supernatant were further clarified by highspeed centrifugation (12,000g, 4˚C). The nuclear pellet was washed in buffer A and then
lysed in a buffer B (3 mM EDTA, 0.2 mM EGTA, 1mM DTT and protease inhibitors as
described above. Insoluble chromatin fraction was collected by centrifugation (4 min,
1,700g, 4˚C), washed once with buffer B, suspended in Laemmli loading buffer and
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sonicated for 30secs(5secs on and 1 sec off pulse) at output of 3.5 using a Misonix 3000
sonicator using a microtip

82

O. Literature Cited.
1.
2.
3.

4.
5.
6.
7.

8.
9.
10.
11.
12.
13.

Xue, Q., Sano, T., Kashiwabara, K., Oyama, T. and Nakajima, T. (2001) Aberrant
Expression of pRb, p16, p14ARF, MDM2, p21 and p53 in Squamous Cell
Carcinomas of Lung. Jpn. J. Cancer Res., 92, 285-292.
Ko, J.L., Cheng, Y.W., Chang, S.L., Su, J.M., Chen, C.Y. and Lee, H. (2000)
MDM2 mRNA expression is a favorable prognostic factor in non-small-cell lung
cancer. Int. J. Cancer, 89, 265-270.
Higashiyama, M., Doi, O., Kodama, K., Yokouchi, H., Kasugai, T., Ishiguro, S.,
Takami, K., Nakayama, T. and Nishisho, I. (1997) MDM2 gene amplification and
expression in non-small-cell lung cancer: immunohistochemical expression of its
protein is a favourable prognostic marker in patients without p53 protein
accumulation. Br. J. Cancer, 75, 1302-1308.
McCann, A.H., Kirley, A., Carney, D.N., Corbally, N., Magee, H.M., Keating, G.
and Dervan, P.A. (1995) Amplification of the MDM2 gene in human breast cancer
and its association with MDM2 and p53 protein status. Br. J. Cancer, 71, 981-985.
Gudas, J., Nguyen, H., Klein, R., Katayose, D., Seth, P. and Cowan, K. (1995)
Differential expression of multiple MDM2 messenger RNAs and proteins in
normal and tumorigenic breast epithelial cells. Clin. Cancer Res., 1, 71-80.
Sheikh, M.S., Shao, Z.M., Hussain, A. and Fontana, J.A. (1993) The p53-binding
protein MDM2 gene is differentially expressed in human breast carcinoma. Cancer
Res., 53, 3226-3228.
Cordon-Cardo, C., Latres, E., Drobnjak, M., Oliva, M.R., Pollack, D., Woodruff,
J.M., Marechal, V., Chen, J., Brennan, M.F. and Levine, A.J. (1994) Molecular
abnormalities of mdm2 and p53 genes in adult soft tissue sarcomas. Cancer Res.,
54, 794-799.
Reifenberger, G., Liu, L., Ichimura, K., Schmidt, E.E. and Collins, V.P. (1993)
Amplification and overexpression of the MDM2 gene in a subset of human
malignant gliomas without p53 mutations. Cancer Res., 53, 2736-2739.
Lianes, P., Orlow, I., Zhang, Z.F., Oliva, M.R., Sarkis, A.S., Reuter, V.E. and
Cordon-Cardo, C. (1994) Altered patterns of MDM2 and TP53 expression in
human bladder cancer [see comments]. J. Natl. Cancer Inst., 86, 1325-1330.
Leach, F.S., Elledge, S.J., Sherr, C.J., Willson, J.K., Markowitz, S., Kinzler, K.W.
and Vogelstein, B. (1993) Amplification of cyclin genes in colorectal carcinomas.
Cancer Res., 53, 1986-1989.
Landers, J.E., Haines, D.S., Strauss, J.F., 3rd and George, D.L. (1994) Enhanced
translation: a novel mechanism of mdm2 oncogene overexpression identified in
human tumor cells. Oncogene, 9, 2745-2750.
Ladanyi, M., Cha, C., Lewis, R., Jhanwar, S.C., Huvos, A.G. and Healey, J.H.
(1993) MDM2 gene amplification in metastatic osteosarcoma. Cancer Res., 53, 1618.
Ladanyi, M., Lewis, R., Jhanwar, S.C., Gerald, W., Huvos, A.G. and Healey, J.H.
(1995) MDM2 and CDK4 gene amplification in Ewing's sarcoma. J. Pathol., 175,
211-217.
83

14.
15.
16.
17.
18.

19.
20.
21.
22.
23.
24.

25.
26.

27.

Corvi, R., Savelyeva, L., Breit, S., Wenzel, A., Handgretinger, R., Barak, J., Oren,
M., Amler, L. and Schwab, M. (1995) Non-syntenic amplification of MDM2 and
MYCN in human neuroblastoma. Oncogene, 10, 1081-1086.
Momand, J., Jung, D., Wilczynski, S. and Niland, J. (1998) The MDM2 gene
amplification database. Nucleic Acids Res, 26, 3453-3459.
Fakharzadeh, S.S., Trusko, S.P. and George, D.L. (1991) Tumorigenic potential
associated with enhanced expression of a gene that is amplified in a mouse tumor
cell line. Embo J, 10, 1565-1569.
Finlay, C.A. (1993) The mdm-2 oncogene can overcome wild-type p53 suppression
of transformed cell growth. Mol Cell Biol, 13, 301-306.
Lundgren, K., Montes de Oca Luna, R., McNeill, Y.B., Emerick, E.P., Spencer, B.,
Barfield, C.R., Lozano, G., Rosenberg, M.P. and Finlay, C.A. (1997) Targeted
expression of MDM2 uncouples S phase from mitosis and inhibits mammary gland
development independent of p53. Genes & Development, 11, 714-725.
Ganguli, G., Abecassis, J. and Wasylyk, B. (2000) MDM2 induces hyperplasia and
premalignant lesions when expressed in the basal layer of the epidermis [In Process
Citation]. EMBO J., 19, 5135-5147.
Oliner, J.D., Kinzler, K.W., Meltzer, P.S., George, D.L. and Vogelstein, B. (1992)
Amplification of a gene encoding a p53-associated protein in human sarcomas [see
comments]. Nature, 358, 80-83.
Quesnel, B., Preudhomme, C., Fournier, J., Fenaux, P. and Peyrat, J.P. (1994)
MDM2 gene amplification in human breast cancer. Eur. J. Cancer, 30A, 982-984.
Landers, J.E., Cassel, S.L. and George, D.L. (1997) Translational enhancement of
mdm2 oncogene expression in human tumor cells containing a stabilized wild-type
p53 protein. Cancer Res., 57, 3562-3568.
Trotta, R., Vignudelli, T., Candini, O., Intine, R.V., Pecorari, L., Guerzoni, C.,
Santilli, G., Byrom, M.W., Goldoni, S., Ford, L.P. et al. (2003) BCR/ABL activates
mdm2 mRNA translation via the La antigen. Cancer cell, 3, 145-160.
Florenes, V.A., Maelandsmo, G.M., Forus, A., Andreassen, A., Myklebost, O. and
Fodstad, O. (1994) MDM2 gene amplification and transcript levels in human
sarcomas: relationship to TP53 gene status [see comments]. J. Natl. Cancer Inst.,
86, 1297-1302.
Nilbert, M., Rydholm, A., Willen, H., Mitelman, F. and Mandahl, N. (1994)
MDM2 gene amplification correlates with ring chromosome in soft tissue tumors.
Genes, Chromosomes & Cancer, 9, 261-265.
Patterson, H., Gill, S., Fisher, C., Law, M.G., Jayatilake, H., Fletcher, C.D.,
Thomas, M., Grimer, R., Gusterson, B.A. and Cooper, C.S. (1994) Abnormalities
of the p53 MDM2 and DCC genes in human leiomyosarcomas. Br. J. Cancer, 69,
1052-1058.
Nakayama, T., Toguchida, J., Wadayama, B., Kanoe, H., Kotoura, Y. and Sasaki,
M.S. (1995) MDM2 gene amplification in bone and soft-tissue tumors: association
with tumor progression in differentiated adipose-tissue tumors. Int. J. Cancer, 64,
342-346.
84

28.

29.

30.
31.
32.
33.
34.
35.

36.

37.

38.
39.
40.

Pedeutour, F., Suijkerbuijk, R.F., Forus, A., Van Gaal, J., Van de Klundert, W.,
Coindre, J.M., Nicolo, G., Collin, F., Van Haelst, U., Huffermann, K. et al. (1994)
Complex composition and co-amplification of SAS and MDM2 in ring and giant
rod marker chromosomes in well-differentiated liposarcoma. Genes, Chromosomes
& Cancer, 10, 85-94.
Pilotti, S., Della Torre, G., Lavarino, C., Di Palma, S., Sozzi, G., Minoletti, F., Rao,
S., Pasquini, G., Azzarelli, A., Rilke, F. et al. (1997) Distinct mdm2/p53 expression
patterns in liposarcoma subgroups: implications for different pathogenetic
mechanisms. J. Pathol., 181, 14-24.
Reid, A.H., Tsai, M.M., Venzon, D.J., Wright, C.F., Lack, E.E. and O'Leary, T.J.
(1996) MDM2 amplification, P53 mutation, and accumulation of the P53 gene
product in malignant fibrous histiocytoma. Diagn. Mol. Pathol., 5, 65-73.
Cocker, H.A., Pinkerton, C.R. and Kelland, L.R. (2000) Characterization and
modulation of drug resistance of human paediatric rhabdomyosarcoma cell lines.
Br. J. Cancer, 83, 338-345.
Onel, K. and Cordon-Cardo, C. (2004) MDM2 and prognosis. Mol Cancer Res, 2,
1-8.
He, J., Reifenberger, G., Liu, L., Collins, V.P. and James, C.D. (1994) Analysis of
glioma cell lines for amplification and overexpression of MDM2. Genes,
Chromosomes & Cancer, 11, 91-96.
Biernat, W., Kleihues, P., Yonekawa, Y. and Ohgaki, H. (1997) Amplification and
overexpression of MDM2 in primary (de novo) glioblastomas. Journal of
Neuropathology & Experimental Neurology, 56, 180-185.
Wurl, P., Meye, A., Berger, D., Bache, M., Lautenschlager, C., Schmidt, H.,
Kalthoff, H., Rath, F.W. and Taubert, H. (1997) Prognostic relevance of C-terminal
Mdm2 detection is enhanced by p53 positivity in soft tissue sarcomas. Diagn. Mol.
Pathol., 6, 249-254.
Haidar, M.A., El-Hajj, H., Bueso-Ramos, C.E., Manshouri, T., Glassman, A.,
Keating, M.J. and Maher, A. (1997) Expression profile of MDM-2 proteins in
chronic lymphocytic leukemia and their clinical relevance. Am. J. Hematol., 54,
189-195.
Berger, A.J., Camp, R.L., Divito, K.A., Kluger, H.M., Halaban, R. and Rimm, D.L.
(2004) Automated quantitative analysis of HDM2 expression in malignant
melanoma shows association with early-stage disease and improved outcome.
Cancer Res., 64, 8767-8772.
Tanner, B., Hengstler, J.G., Laubscher, S., Meinert, R., Oesch, F., Weikel, W.,
Knapstein, P.G. and Becker, R. (1997) mdm 2 mRna expression is associated with
survival in ovarian cancer. Int. J. Cancer, 74, 438-442.
Wang, H., Nan, L., Yu, D., Agrawal, S. and Zhang, R. (2001) Antisense antiMDM2 oligonucleotides as a novel therapeutic approach to human breast cancer: in
vitro and in vivo activities and mechanisms. Clin. Cancer Res., 7, 3613-3624.
Momand, J., Zambetti, G.P., Olson, D.C., George, D. and Levine, A.J. (1992) The
mdm-2 oncogene product forms a complex with the p53 protein and inhibits p53mediated transactivation. Cell, 69, 1237-1245.
85

41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

Haupt, Y., Maya, R., Kazaz, A. and Oren, M. (1997) Mdm2 promotes the rapid
degradation of p53. Nature, 387, 296-299.
Kubbutat, M.H., Jones, S.N. and Vousden, K.H. (1997) Regulation of p53 stability
by Mdm2. Nature, 387, 299-303.
Honda, R., Tanaka, H. and Yasuda, H. (1997) Oncoprotein MDM2 is a ubiquitin
ligase E3 for tumor suppressor p53. FEBS Lett., 420, 25-27.
Buschmann, T., Fuchs, S.Y., Lee, C.G., Pan, Z.Q. and Ronai, Z. (2000) SUMO-1
modification of Mdm2 prevents its self-ubiquitination and increases Mdm2 ability
to ubiquitinate p53. Cell, 101, 753-762.
Brown, D.R., Deb, S., Munoz, R.M., Subler, M.A. and Deb, S.P. (1993) The tumor
suppressor p53 and the oncoprotein simian virus 40 T antigen bind to overlapping
domains on the MDM2 protein. Molecular & Cellular Biology, 13, 6849-6857.
Chen, J., Wu, X., Lin, J. and Levine, A.J. (1996) mdm-2 inhibits the G1 arrest and
apoptosis functions of the p53 tumor suppressor protein. Molecular & Cellular
Biology, 16, 2445-2452.
Leng, P., Brown, D.R., Shivakumar, C.V., Deb, S. and Deb, S.P. (1995) N-terminal
130 amino acids of MDM2 are sufficient to inhibit p53-mediated transcriptional
activation. Oncogene, 10, 1275-1282.
Oliner, J.D., Pietenpol, J.A., Thiagalingam, S., Gyuris, J., Kinzler, K.W. and
Vogelstein, B. (1993) Oncoprotein MDM2 conceals the activation domain of
tumour suppressor p53. Nature, 362, 857-860.
Haines, D.S., Landers, J.E., Engle, L.J. and George, D.L. (1994) Physical and
functional interaction between wild-type p53 and mdm2 proteins. Molecular &
Cellular Biology, 14, 1171-1178.
Chen, C.Y., Oliner, J.D., Zhan, Q., Fornace, A.J., Jr., Vogelstein, B. and Kastan,
M.B. (1994) Interactions between p53 and MDM2 in a mammalian cell cycle
checkpoint pathway. Proc. Natl. Acad. Sci. U. S. A., 91, 2684-2688.
Haupt, Y., Barak, Y. and Oren, M. (1996) Cell type-specific inhibition of p53mediated apoptosis by mdm2. EMBO J., 15, 1596-1606.
Honda, R. and Yasuda, H. (2000) Activity of MDM2, a ubiquitin ligase, toward
p53 or itself is dependent on the RING finger domain of the ligase. Oncogene, 19,
1473-1476.
Juven, T., Barak, Y., Zauberman, A., George, D.L. and Oren, M. (1993) Wild type
p53 can mediate sequence-specific transactivation of an internal promoter within
the mdm2 gene. Oncogene, 8, 3411-3416.
Ganguli, G. and Wasylyk, B. (2003) p53-independent functions of MDM2. Mol
Cancer Res, 1, 1027-1035.
Xiao, Z.X., Chen, J., Levine, A.J., Modjtahedi, N., Xing, J., Sellers, W.R. and
Livingston, D.M. (1995) Interaction between the retinoblastoma protein and the
oncoprotein MDM2. Nature, 375, 694-698.
Kamijo, T., Weber, J.D., Zambetti, G., Zindy, F., Roussel, M.F. and Sherr, C.J.
(1998) Functional and physical interactions of the ARF tumor suppressor with p53
and Mdm2. Proc. Natl. Acad. Sci. U. S. A., 95, 8292-8297.
86

57.

58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.

Pomerantz, J., Schreiber-Agus, N., Liegeois, N.J., Silverman, A., Alland, L., Chin,
L., Potes, J., Chen, K., Orlow, I., Lee, H.W. et al. (1998) The Ink4a tumor
suppressor gene product, p19Arf, interacts with MDM2 and neutralizes MDM2's
inhibition of p53. Cell, 92, 713-723.
Tao, W. and Levine, A.J. (1999) P19(ARF) stabilizes p53 by blocking nucleocytoplasmic shuttling of Mdm2. Proc. Natl. Acad. Sci. U. S. A., 96, 6937-6941.
Honda, R. and Yasuda, H. (1999) Association of p19(ARF) with Mdm2 inhibits
ubiquitin ligase activity of Mdm2 for tumor suppressor p53. EMBO J., 18, 22-27.
Minsky, N. and Oren, M. (2004) The RING domain of Mdm2 mediates histone
ubiquitylation and transcriptional repression. Mol. Cell, 16, 631-639.
Grossman, S.R., Perez, M., Kung, A.L., Joseph, M., Mansur, C., Xiao, Z.X.,
Kumar, S., Howley, P.M. and Livingston, D.M. (1998) p300/MDM2 complexes
participate in MDM2-mediated p53 degradation. Mol. Cell, 2, 405-415.
Pan, Y. and Chen, J. (2003) MDM2 promotes ubiquitination and degradation of
MDMX. Mol. Cell. Biol., 23, 5113-5121.
Martin, K., Trouche, D., Hagemeier, C., Sorensen, T.S., La Thangue, N.B. and
Kouzarides, T. (1995) Stimulation of E2F1/DP1 transcriptional activity by MDM2
oncoprotein. Nature, 375, 691-694.
Guo, C.S., Degnin, C., Fiddler, T.A., Stauffer, D. and Thayer, M.J. (2003)
Regulation of MyoD activity and muscle cell differentiation by MDM2, pRb, and
Sp1. J. Biol. Chem., 278, 22615-22622.
Lukashchuk, N. and Vousden, K.H. (2007) Ubiquitination and degradation of
mutant p53. Mol. Cell. Biol., 27, 8284-8295.
Juven-Gershon, T., Shifman, O., Unger, T., Elkeles, A., Haupt, Y. and Oren, M.
(1998) The Mdm2 oncoprotein interacts with the cell fate regulator Numb. Mol.
Cell. Biol., 18, 3974-3982.
Mayo, L.D. and Donner, D.B. (2001) A phosphatidylinositol 3-kinase/Akt pathway
promotes translocation of Mdm2 from the cytoplasm to the nucleus. Proc Natl
Acad Sci U S A, 98, 11598-11603.
Girnita, L., Girnita, A. and Larsson, O. (2003) Mdm2-dependent ubiquitination and
degradation of the insulin-like growth factor 1 receptor. Proc Natl Acad Sci U S A,
100, 8247-8252.
Strous, G.J. and Schantl, J.A. (2001) Beta-arrestin and Mdm2, unsuspected partners
in signaling from the cell surface. Sci STKE, 2001, PE41.
Salcedo, A., Mayor, F., Jr. and Penela, P. (2006) Mdm2 is involved in the
ubiquitination and degradation of G-protein-coupled receptor kinase 2. Embo J, 25,
4752-4762.
Jones, S.N., Hancock, A.R., Vogel, H., Donehower, L.A. and Bradley, A. (1998)
Overexpression of Mdm2 in mice reveals a p53-independent role for Mdm2 in
tumorigenesis. Proc Natl Acad Sci U S A, 95, 15608-15612.
Dubs-Poterszman, M.C., Tocque, B. and Wasylyk, B. (1995) MDM2
transformation in the absence of p53 and abrogation of the p107 G1 cell-cycle
arrest. Oncogene, 11, 2445-2449.
87

73.
74.
75.
76.
77.
78.
79.
80.

81.
82.
83.
84.
85.
86.

Sun, P., Dong, P., Dai, K., Hannon, G.J. and Beach, D. (1998) p53-independent
role of MDM2 in TGF-beta 1 resistance. Science, 282, 2270-2272.
Fiddler, T.A., Smith, L., Tapscott, S.J. and Thayer, M.J. (1996) Amplification of
MDM2 inhibits MyoD-mediated myogenesis. Molecular & Cellular Biology, 16,
5048-5057.
Yogosawa, S., Miyauchi, Y., Honda, R., Tanaka, H. and Yasuda, H. (2003)
Mammalian Numb is a target protein of Mdm2, ubiquitin ligase. Biochemical and
biophysical research communications, 302, 869-872.
Vlatkovic, N., Guerrera, S., Li, Y., Linn, S., Haines, D.S. and Boyd, M.T. (2000)
MDM2 interacts with the C-terminus of the catalytic subunit of DNA polymerase
epsilon. Nucleic Acids Res, 28, 3581-3586.
Alt, J.R., Bouska, A., Fernandez, M.R., Cerny, R.L., Xiao, H. and Eischen, C.M.
(2005) Mdm2 binds to Nbs1 at sites of DNA damage and regulates double strand
break repair. J. Biol. Chem., 280, 18771-18781.
Marechal, V., Elenbaas, B., Piette, J., Nicolas, J.C. and Levine, A.J. (1994) The
ribosomal L5 protein is associated with mdm-2 and mdm-2-p53 complexes.
Molecular & Cellular Biology, 14, 7414-7420.
Leveillard, T. and Wasylyk, B. (1997) The MDM2 C-terminal region binds to
TAFII250 and is required for MDM2 regulation of the cyclin A promoter. J. Biol.
Chem., 272, 30651-30661.
Gu, L., Findley, H.W. and Zhou, M. (2002) MDM2 induces NF-kappaB/p65
expression transcriptionally through Sp1-binding sites: a novel, p53-independent
role of MDM2 in doxorubicin resistance in acute lymphoblastic leukemia. Blood,
99, 3367-3375.
Lin, H.K., Wang, L., Hu, Y.C., Altuwaijri, S. and Chang, C. (2002)
Phosphorylation-dependent ubiquitylation and degradation of androgen receptor by
Akt require Mdm2 E3 ligase. Embo J, 21, 4037-4048.
Frum, R., Busby, S.A., Ramamoorthy, M., Deb, S., Shabanowitz, J., Hunt, D.F. and
Deb, S.P. (2007) HDM2-binding partners: interaction with translation elongation
factor EF1alpha. Journal of proteome research, 6, 1410-1417.
Jeganathan, S. and Lee, J.M. (2007) Binding of elongation factor eEF1A2 to
phosphatidylinositol 4-kinase beta stimulates lipid kinase activity and
phosphatidylinositol 4-phosphate generation. J Biol Chem, 282, 372-380.
Amiri, A., Noei, F., Jeganathan, S., Kulkarni, G., Pinke, D.E. and Lee, J.M. (2007)
eEF1A2 activates Akt and stimulates Akt-dependent actin remodeling, invasion
and migration. Oncogene, 26, 3027-3040.
Ogawara, Y., Kishishita, S., Obata, T., Isazawa, Y., Suzuki, T., Tanaka, K.,
Masuyama, N. and Gotoh, Y. (2002) Akt enhances Mdm2-mediated ubiquitination
and degradation of p53. J Biol Chem, 277, 21843-21850.
Milne, D., Kampanis, P., Nicol, S., Dias, S., Campbell, D.G., Fuller-Pace, F. and
Meek, D. (2004) A novel site of AKT-mediated phosphorylation in the human
MDM2 onco-protein. FEBS Lett, 577, 270-276.

88

87.
88.
89.
90.
91.

92.

93.

94.
95.
96.
97.
98.
99.
100.
101.
102.

103.

Fresno Vara, J.A., Casado, E., de Castro, J., Cejas, P., Belda-Iniesta, C. and
Gonzalez-Baron, M. (2004) PI3K/Akt signalling pathway and cancer. Cancer Treat
Rev, 30, 193-204.
Song, G., Ouyang, G. and Bao, S. (2005) The activation of Akt/PKB signaling
pathway and cell survival. J Cell Mol Med, 9, 59-71.
Datta, S.R., Brunet, A. and Greenberg, M.E. (1999) Cellular survival: a play in
three Akts. Genes Dev, 13, 2905-2927.
West, K.A., Castillo, S.S. and Dennis, P.A. (2002) Activation of the PI3K/Akt
pathway and chemotherapeutic resistance. Drug Resist Updat, 5, 234-248.
Yu, H.G., Ai, Y.W., Yu, L.L., Zhou, X.D., Liu, J., Li, J.H., Xu, X.M., Liu, S.,
Chen, J., Liu, F. et al. (2008) Phosphoinositide 3-kinase/Akt pathway plays an
important role in chemoresistance of gastric cancer cells against etoposide and
doxorubicin induced cell death. Int J Cancer, 122, 433-443.
Martelli, A.M., Nyakern, M., Tabellini, G., Bortul, R., Tazzari, P.L., Evangelisti, C.
and Cocco, L. (2006) Phosphoinositide 3-kinase/Akt signaling pathway and its
therapeutical implications for human acute myeloid leukemia. Leukemia, 20, 911928.
Katso, R., Okkenhaug, K., Ahmadi, K., White, S., Timms, J. and Waterfield, M.D.
(2001) Cellular function of phosphoinositide 3-kinases: implications for
development, homeostasis, and cancer. Annual review of cell and developmental
biology, 17, 615-675.
Toker, A. (2000) Protein kinases as mediators of phosphoinositide 3-kinase
signaling. Mol Pharmacol, 57, 652-658.
Vanhaesebroeck, B. and Waterfield, M.D. (1999) Signaling by distinct classes of
phosphoinositide 3-kinases. Exp Cell Res, 253, 239-254.
Cantley, L.C. (2002) The phosphoinositide 3-kinase pathway. Science, 296, 16551657.
Kandel, E.S. and Hay, N. (1999) The regulation and activities of the
multifunctional serine/threonine kinase Akt/PKB. Exp Cell Res, 253, 210-229.
Leslie, N.R., Biondi, R.M. and Alessi, D.R. (2001) Phosphoinositide-regulated
kinases and phosphoinositide phosphatases. Chemical reviews, 101, 2365-2380.
Sarbassov, D.D., Guertin, D.A., Ali, S.M. and Sabatini, D.M. (2005)
Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex. Science,
307, 1098-1101.
Manning, B.D. and Cantley, L.C. (2007) AKT/PKB signaling: navigating
downstream. Cell, 129, 1261-1274.
Woodgett, J.R. (2005) Recent advances in the protein kinase B signaling pathway.
Curr Opin Cell Biol, 17, 150-157.
Delcommenne, M., Tan, C., Gray, V., Rue, L., Woodgett, J. and Dedhar, S. (1998)
Phosphoinositide-3-OH kinase-dependent regulation of glycogen synthase kinase 3
and protein kinase B/AKT by the integrin-linked kinase. Proc Natl Acad Sci U S A,
95, 11211-11216.
Chan, T.O. and Tsichlis, P.N. (2001) PDK2: a complex tail in one Akt. Sci STKE,
2001, PE1.
89

104.
105.
106.
107.
108.

109.
110.
111.
112.
113.

114.
115.
116.
117.

Bozulic, L., Surucu, B., Hynx, D. and Hemmings, B.A. (2008) PKBalpha/Akt1 acts
downstream of DNA-PK in the DNA double-strand break response and promotes
survival. Mol Cell, 30, 203-213.
Vazquez, F. and Sellers, W.R. (2000) The PTEN tumor suppressor protein: an
antagonist of phosphoinositide 3-kinase signaling. Biochim Biophys Acta, 1470,
M21-35.
Gao, T., Furnari, F. and Newton, A.C. (2005) PHLPP: a phosphatase that directly
dephosphorylates Akt, promotes apoptosis, and suppresses tumor growth. Mol Cell,
18, 13-24.
Brognard, J., Sierecki, E., Gao, T. and Newton, A.C. (2007) PHLPP and a second
isoform, PHLPP2, differentially attenuate the amplitude of Akt signaling by
regulating distinct Akt isoforms. Mol Cell, 25, 917-931.
Ugi, S., Imamura, T., Maegawa, H., Egawa, K., Yoshizaki, T., Shi, K., Obata, T.,
Ebina, Y., Kashiwagi, A. and Olefsky, J.M. (2004) Protein phosphatase 2A
negatively regulates insulin's metabolic signaling pathway by inhibiting Akt
(protein kinase B) activity in 3T3-L1 adipocytes. Mol Cell Biol, 24, 8778-8789.
Maira, S.M., Galetic, I., Brazil, D.P., Kaech, S., Ingley, E., Thelen, M. and
Hemmings, B.A. (2001) Carboxyl-terminal modulator protein (CTMP), a negative
regulator of PKB/Akt and v-Akt at the plasma membrane. Science, 294, 374-380.
Datta, S.R., Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y. and Greenberg,
M.E. (1997) Akt phosphorylation of BAD couples survival signals to the cellintrinsic death machinery. Cell, 91, 231-241.
Adams, J.M. and Cory, S. (1998) The Bcl-2 protein family: arbiters of cell survival.
Science, 281, 1322-1326.
Jones, R.G., Parsons, M., Bonnard, M., Chan, V.S., Yeh, W.C., Woodgett, J.R. and
Ohashi, P.S. (2000) Protein kinase B regulates T lymphocyte survival, nuclear
factor kappaB activation, and Bcl-X(L) levels in vivo. J Exp Med, 191, 1721-1734.
Pugazhenthi, S., Nesterova, A., Sable, C., Heidenreich, K.A., Boxer, L.M.,
Heasley, L.E. and Reusch, J.E. (2000) Akt/protein kinase B up-regulates Bcl-2
expression through cAMP-response element-binding protein. J Biol Chem, 275,
10761-10766.
Cardone, M.H., Roy, N., Stennicke, H.R., Salvesen, G.S., Franke, T.F., Stanbridge,
E., Frisch, S. and Reed, J.C. (1998) Regulation of cell death protease caspase-9 by
phosphorylation. Science, 282, 1318-1321.
Brunet, A., Bonni, A., Zigmond, M.J., Lin, M.Z., Juo, P., Hu, L.S., Anderson, M.J.,
Arden, K.C., Blenis, J. and Greenberg, M.E. (1999) Akt promotes cell survival by
phosphorylating and inhibiting a Forkhead transcription factor. Cell, 96, 857-868.
Kops, G.J., de Ruiter, N.D., De Vries-Smits, A.M., Powell, D.R., Bos, J.L. and
Burgering, B.M. (1999) Direct control of the Forkhead transcription factor AFX by
protein kinase B. Nature, 398, 630-634.
Biggs, W.H., 3rd, Meisenhelder, J., Hunter, T., Cavenee, W.K. and Arden, K.C.
(1999) Protein kinase B/Akt-mediated phosphorylation promotes nuclear exclusion
of the winged helix transcription factor FKHR1. Proc Natl Acad Sci U S A, 96,
7421-7426.
90

118.

119.
120.
121.
122.
123.
124.
125.

126.

127.
128.

129.
130.
131.

Suhara, T., Kim, H.S., Kirshenbaum, L.A. and Walsh, K. (2002) Suppression of
Akt signaling induces Fas ligand expression: involvement of caspase and Jun
kinase activation in Akt-mediated Fas ligand regulation. Mol Cell Biol, 22, 680691.
Dijkers, P.F., Medema, R.H., Lammers, J.W., Koenderman, L. and Coffer, P.J.
(2000) Expression of the pro-apoptotic Bcl-2 family member Bim is regulated by
the forkhead transcription factor FKHR-L1. Curr Biol, 10, 1201-1204.
Nicholson, K.M. and Anderson, N.G. (2002) The protein kinase B/Akt signalling
pathway in human malignancy. Cellular signalling, 14, 381-395.
Ozes, O.N., Mayo, L.D., Gustin, J.A., Pfeffer, S.R., Pfeffer, L.M. and Donner, D.B.
(1999) NF-kappaB activation by tumour necrosis factor requires the Akt serinethreonine kinase. Nature, 401, 82-85.
Rauch, B.H., Weber, A., Braun, M., Zimmermann, N. and Schror, K. (2000)
PDGF-induced Akt phosphorylation does not activate NF-kappa B in human
vascular smooth muscle cells and fibroblasts. FEBS Lett, 481, 3-7.
Romashkova, J.A. and Makarov, S.S. (1999) NF-kappaB is a target of AKT in antiapoptotic PDGF signalling. Nature, 401, 86-90.
Li, Y., Dowbenko, D. and Lasky, L.A. (2002) AKT/PKB phosphorylation of
p21Cip/WAF1 enhances protein stability of p21Cip/WAF1 and promotes cell
survival. The Journal of biological chemistry, 277, 11352-11361.
Shin, I., Yakes, F.M., Rojo, F., Shin, N.Y., Bakin, A.V., Baselga, J. and Arteaga,
C.L. (2002) PKB/Akt mediates cell-cycle progression by phosphorylation of
p27(Kip1) at threonine 157 and modulation of its cellular localization. Nature
medicine, 8, 1145-1152.
Moule, S.K., Welsh, G.I., Edgell, N.J., Foulstone, E.J., Proud, C.G. and Denton,
R.M. (1997) Regulation of protein kinase B and glycogen synthase kinase-3 by
insulin and beta-adrenergic agonists in rat epididymal fat cells. Activation of
protein kinase B by wortmannin-sensitive and -insensitive mechanisms. J Biol
Chem, 272, 7713-7719.
Cook, D., Fry, M.J., Hughes, K., Sumathipala, R., Woodgett, J.R. and Dale, T.C.
(1996) Wingless inactivates glycogen synthase kinase-3 via an intracellular
signalling pathway which involves a protein kinase C. Embo J, 15, 4526-4536.
Ikeda, S., Kishida, S., Yamamoto, H., Murai, H., Koyama, S. and Kikuchi, A.
(1998) Axin, a negative regulator of the Wnt signaling pathway, forms a complex
with GSK-3beta and beta-catenin and promotes GSK-3beta-dependent
phosphorylation of beta-catenin. Embo J, 17, 1371-1384.
Marygold, S.J. and Leevers, S.J. (2002) Growth signaling: TSC takes its place.
Curr Biol, 12, R785-787.
Sonenberg, N. and Gingras, A.C. (1998) The mRNA 5' cap-binding protein eIF4E
and control of cell growth. Curr Opin Cell Biol, 10, 268-275.
Gingras, A.C., Kennedy, S.G., O'Leary, M.A., Sonenberg, N. and Hay, N. (1998)
4E-BP1, a repressor of mRNA translation, is phosphorylated and inactivated by the
Akt(PKB) signaling pathway. Genes Dev, 12, 502-513.
91

132.
133.
134.
135.

136.
137.
138.
139.
140.

141.
142.
143.
144.

145.

Jastrzebski, K., Hannan, K.M., Tchoubrieva, E.B., Hannan, R.D. and Pearson, R.B.
(2007) Coordinate regulation of ribosome biogenesis and function by the ribosomal
protein S6 kinase, a key mediator of mTOR function. Growth Factors, 25, 209-226.
Levav-Cohen, Y., Haupt, S. and Haupt, Y. (2005) Mdm2 in growth signaling and
cancer. Growth Factors, 23, 183-192.
Bottger, A., Bottger, V., Sparks, A., Liu, W.L., Howard, S.F. and Lane, D.P. (1997)
Design of a synthetic Mdm2-binding mini protein that activates the p53 response in
vivo. Curr Biol, 7, 860-869.
Dahl, A.M., Beverley, P.C. and Stauss, H.J. (1996) A synthetic peptide derived
from the tumor-associated protein mdm2 can stimulate autoreactive, high avidity
cytotoxic T lymphocytes that recognize naturally processed protein. J Immunol,
157, 239-246.
Midgley, C.A. and Lane, D.P. (1997) p53 protein stability in tumour cells is not
determined by mutation but is dependent on Mdm2 binding. Oncogene, 15, 11791189.
Vassilev, L.T. (2004) Small-molecule antagonists of p53-MDM2 binding: research
tools and potential therapeutics. Cell cycle (Georgetown, Tex, 3, 419-421.
Chen, L., Agrawal, S., Zhou, W., Zhang, R. and Chen, J. (1998) Synergistic
activation of p53 by inhibition of MDM2 expression and DNA damage. Proc Natl
Acad Sci U S A, 95, 195-200.
Chen, L., Lu, W., Agrawal, S., Zhou, W., Zhang, R. and Chen, J. (1999)
Ubiquitous induction of p53 in tumor cells by antisense inhibition of MDM2
expression. Mol Med, 5, 21-34.
Tortora, G., Caputo, R., Damiano, V., Bianco, R., Chen, J., Agrawal, S., Bianco,
A.R. and Ciardiello, F. (2000) A novel MDM2 anti-sense oligonucleotide has antitumor activity and potentiates cytotoxic drugs acting by different mechanisms in
human colon cancer. Int J Cancer, 88, 804-809.
Rayburn, E., Zhang, R., He, J. and Wang, H. (2005) MDM2 and human
malignancies: expression, clinical pathology, prognostic markers, and implications
for chemotherapy. Curr Cancer Drug Targets, 5, 27-41.
Zhang and Wang, H. (2000) MDM2 oncogene as a novel target for human cancer
therapy. Current pharmaceutical design, 6, 393-416.
Clark, A.S., West, K., Streicher, S. and Dennis, P.A. (2002) Constitutive and
inducible Akt activity promotes resistance to chemotherapy, trastuzumab, or
tamoxifen in breast cancer cells. Mol Cancer Ther, 1, 707-717.
Plo, I., Bettaieb, A., Payrastre, B., Mansat-De Mas, V., Bordier, C., Rousse, A.,
Kowalski-Chauvel, A., Laurent, G. and Lautier, D. (1999) The phosphoinositide 3kinase/Akt pathway is activated by daunorubicin in human acute myeloid leukemia
cell lines. FEBS Lett, 452, 150-154.
Cuello, M., Ettenberg, S.A., Clark, A.S., Keane, M.M., Posner, R.H., Nau, M.M.,
Dennis, P.A. and Lipkowitz, S. (2001) Down-regulation of the erbB-2 receptor by
trastuzumab (herceptin) enhances tumor necrosis factor-related apoptosis-inducing
ligand-mediated apoptosis in breast and ovarian cancer cell lines that overexpress
erbB-2. Cancer Res, 61, 4892-4900.
92

146.

147.
148.
149.

150.

151.
152.
153.
154.

155.
156.
157.
158.

Normanno, N., Campiglio, M., De, L.A., Somenzi, G., Maiello, M., Ciardiello, F.,
Gianni, L., Salomon, D.S. and Menard, S. (2002) Cooperative inhibitory effect of
ZD1839 (Iressa) in combination with trastuzumab (Herceptin) on human breast
cancer cell growth. Ann Oncol, 13, 65-72.
Tang, D., Okada, H., Ruland, J., Liu, L., Stambolic, V., Mak, T.W. and Ingram,
A.J. (2001) Akt is activated in response to an apoptotic signal. J Biol Chem, 276,
30461-30466.
Asselin, E., Mills, G.B. and Tsang, B.K. (2001) XIAP regulates Akt activity and
caspase-3-dependent cleavage during cisplatin-induced apoptosis in human ovarian
epithelial cancer cells. Cancer Res, 61, 1862-1868.
Mabuchi, S., Ohmichi, M., Kimura, A., Hisamoto, K., Hayakawa, J., Nishio, Y.,
Adachi, K., Takahashi, K., Arimoto-Ishida, E., Nakatsuji, Y. et al. (2002)
Inhibition of phosphorylation of BAD and Raf-1 by Akt sensitizes human ovarian
cancer cells to paclitaxel. J Biol Chem, 277, 33490-33500.
Jiang, K., Coppola, D., Crespo, N.C., Nicosia, S.V., Hamilton, A.D., Sebti, S.M.
and Cheng, J.Q. (2000) The phosphoinositide 3-OH kinase/AKT2 pathway as a
critical target for farnesyltransferase inhibitor-induced apoptosis. Mol Cell Biol, 20,
139-148.
Dong, Y.B., Yang, H.L., Elliott, M.J. and McMasters, K.M. (2003) Increased mdm2 expression in a p53-independent manner blocks UV-induced cell cycle arrest and
apoptosis in human osteosarcoma cells. Tumour Biol, 24, 130-139.
Kingma, P.S. and Osheroff, N. (1998) Topoisomerase II-mediated DNA cleavage
and religation in the absence of base pairing. Abasic lesions as a tool to dissect
enzyme mechanism. J Biol Chem, 273, 17999-18002.
Long, B.H. and Fairchild, C.R. (1994) Paclitaxel inhibits progression of mitotic
cells to G1 phase by interference with spindle formation without affecting other
microtubule functions during anaphase and telephase. Cancer Res, 54, 4355-4361.
Knox, R.J., Friedlos, F., Lydall, D.A. and Roberts, J.J. (1986) Mechanism of
cytotoxicity of anticancer platinum drugs: evidence that cisdiamminedichloroplatinum(II) and cis-diammine-(1,1cyclobutanedicarboxylato)platinum(II) differ only in the kinetics of their interaction
with DNA. Cancer Res, 46, 1972-1979.
Lindstrom, M.S., Klangby, U. and Wiman, K.G. (2001) p14ARF homozygous
deletion or MDM2 overexpression in Burkitt lymphoma lines carrying wild type
p53. Oncogene, 20, 2171-2177.
Martin, S.S. and Leder, P. (2001) Human MCF10A mammary epithelial cells
undergo apoptosis following actin depolymerization that is independent of
attachment and rescued by Bcl-2. Mol Cell Biol, 21, 6529-6536.
Stewart, S.A., Dykxhoorn, D.M., Palliser, D., Mizuno, H., Yu, E.Y., An, D.S.,
Sabatini, D.M., Chen, I.S., Hahn, W.C., Sharp, P.A. et al. (2003) Lentivirusdelivered stable gene silencing by RNAi in primary cells. Rna, 9, 493-501.
Rubinson, D.A., Dillon, C.P., Kwiatkowski, A.V., Sievers, C., Yang, L., Kopinja,
J., Rooney, D.L., Zhang, M., Ihrig, M.M., McManus, M.T. et al. (2003) A
93

159.
160.

161.
162.
163.

164.

165.
166.
167.

168.
169.
170.
171.

lentivirus-based system to functionally silence genes in primary mammalian cells,
stem cells and transgenic mice by RNA interference. Nat Genet, 33, 401-406.
Kozikowski, A.P., Sun, H., Brognard, J. and Dennis, P.A. (2003) Novel PI
analogues selectively block activation of the pro-survival serine/threonine kinase
Akt. J Am Chem Soc, 125, 1144-1145.
Castillo, S.S., Brognard, J., Petukhov, P.A., Zhang, C., Tsurutani, J., Granville,
C.A., Li, M., Jung, M., West, K.A., Gills, J.G. et al. (2004) Preferential inhibition
of Akt and killing of Akt-dependent cancer cells by rationally designed
phosphatidylinositol ether lipid analogues. Cancer Res, 64, 2782-2792.
Vanhaesebroeck, B. and Alessi, D.R. (2000) The PI3K-PDK1 connection: more
than just a road to PKB. Biochem J, 346 Pt 3, 561-576.
Bayascas, J.R. and Alessi, D.R. (2005) Regulation of Akt/PKB Ser473
phosphorylation. Mol Cell, 18, 143-145.
Milburn, C.C., Deak, M., Kelly, S.M., Price, N.C., Alessi, D.R. and Van Aalten,
D.M. (2003) Binding of phosphatidylinositol 3,4,5-trisphosphate to the pleckstrin
homology domain of protein kinase B induces a conformational change. Biochem J,
375, 531-538.
Kuo, Y.C., Huang, K.Y., Yang, C.H., Yang, Y.S., Lee, W.Y. and Chiang, C.W.
(2008) Regulation of phosphorylation of Thr-308 of Akt, cell proliferation, and
survival by the B55alpha regulatory subunit targeting of the protein phosphatase
2A holoenzyme to Akt. J Biol Chem, 283, 1882-1892.
Vazquez, F., Matsuoka, S., Sellers, W.R., Yanagida, T., Ueda, M. and Devreotes,
P.N. (2006) Tumor suppressor PTEN acts through dynamic interaction with the
plasma membrane. Proc Natl Acad Sci U S A, 103, 3633-3638.
Deb, S.P. (2003) Cell cycle regulatory functions of the human oncoprotein MDM2.
Mol Cancer Res, 1, 1009-1016.
Ng, S.S., Tsao, M.S., Nicklee, T. and Hedley, D.W. (2001) Wortmannin inhibits
pkb/akt phosphorylation and promotes gemcitabine antitumor activity in orthotopic
human pancreatic cancer xenografts in immunodeficient mice. Clin Cancer Res, 7,
3269-3275.
Okano, J., Gaslightwala, I., Birnbaum, M.J., Rustgi, A.K. and Nakagawa, H. (2000)
Akt/protein kinase B isoforms are differentially regulated by epidermal growth
factor stimulation. J Biol Chem, 275, 30934-30942.
Kulik, G., Klippel, A. and Weber, M.J. (1997) Antiapoptotic signalling by the
insulin-like growth factor I receptor, phosphatidylinositol 3-kinase, and Akt. Mol
Cell Biol, 17, 1595-1606.
Dudek, H., Datta, S.R., Franke, T.F., Birnbaum, M.J., Yao, R., Cooper, G.M.,
Segal, R.A., Kaplan, D.R. and Greenberg, M.E. (1997) Regulation of neuronal
survival by the serine-threonine protein kinase Akt. Science, 275, 661-665.
Remacle-Bonnet, M.M., Garrouste, F.L., Heller, S., Andre, F., Marvaldi, J.L. and
Pommier, G.J. (2000) Insulin-like growth factor-I protects colon cancer cells from
death factor-induced apoptosis by potentiating tumor necrosis factor alpha-induced
mitogen-activated protein kinase and nuclear factor kappaB signaling pathways.
Cancer Res, 60, 2007-2017.
94

172.

173.
174.
175.
176.

177.
178.

179.
180.
181.
182.

183.

184.
185.

Leri, A., Liu, Y., Claudio, P.P., Kajstura, J., Wang, X., Wang, S., Kang, P.,
Malhotra, A. and Anversa, P. (1999) Insulin-like growth factor-1 induces Mdm2
and down-regulates p53, attenuating the myocyte renin-angiotensin system and
stretch-mediated apoptosis. Am J Pathol, 154, 567-580.
Jiang, B.H. and Liu, L.Z. (2008) PI3K/PTEN signaling in tumorigenesis and
angiogenesis. Biochim Biophys Acta, 1784, 150-158.
Malmlof, M., Roudier, E., Hogberg, J. and Stenius, U. (2007) MEK-ERK-mediated
phosphorylation of Mdm2 at Ser-166 in hepatocytes. Mdm2 is activated in
response to inhibited Akt signaling. J Biol Chem, 282, 2288-2296.
Moelling, K., Schad, K., Bosse, M., Zimmermann, S. and Schweneker, M. (2002)
Regulation of Raf-Akt Cross-talk. J Biol Chem, 277, 31099-31106.
Luppi, F., Longo, A.M., de Boer, W.I., Rabe, K.F. and Hiemstra, P.S. (2007)
Interleukin-8 stimulates cell proliferation in non-small cell lung cancer through
epidermal growth factor receptor transactivation. Lung cancer (Amsterdam,
Netherlands), 56, 25-33.
Lane, H.C., Anand, A.R. and Ganju, R.K. (2006) Cbl and Akt regulate CXCL8induced and CXCR1- and CXCR2-mediated chemotaxis. International
immunology, 18, 1315-1325.
Schraufstatter, I.U., Trieu, K., Zhao, M., Rose, D.M., Terkeltaub, R.A. and Burger,
M. (2003) IL-8-mediated cell migration in endothelial cells depends on cathepsin B
activity and transactivation of the epidermal growth factor receptor. J Immunol,
171, 6714-6722.
Brown, D.R., Thomas, C.A. and Deb, S.P. (1998) The human oncoprotein MDM2
arrests the cell cycle: elimination of its cell-cycle-inhibitory function induces
tumorigenesis. Embo J, 17, 2513-2525.
Shepherd, P.R., Withers, D.J. and Siddle, K. (1998) Phosphoinositide 3-kinase: the
key switch mechanism in insulin signalling. Biochem J, 333 ( Pt 3), 471-490.
Cross, D.A., Alessi, D.R., Cohen, P., Andjelkovich, M. and Hemmings, B.A.
(1995) Inhibition of glycogen synthase kinase-3 by insulin mediated by protein
kinase B. Nature, 378, 785-789.
Scott, P.H., Brunn, G.J., Kohn, A.D., Roth, R.A. and Lawrence, J.C., Jr. (1998)
Evidence of insulin-stimulated phosphorylation and activation of the mammalian
target of rapamycin mediated by a protein kinase B signaling pathway. Proc Natl
Acad Sci U S A, 95, 7772-7777.
Nave, B.T., Ouwens, M., Withers, D.J., Alessi, D.R. and Shepherd, P.R. (1999)
Mammalian target of rapamycin is a direct target for protein kinase B:
identification of a convergence point for opposing effects of insulin and amino-acid
deficiency on protein translation. Biochem J, 344 Pt 2, 427-431.
Li, J., DeFea, K. and Roth, R.A. (1999) Modulation of insulin receptor substrate-1
tyrosine phosphorylation by an Akt/phosphatidylinositol 3-kinase pathway. J Biol
Chem, 274, 9351-9356.
Paz, K., Liu, Y.F., Shorer, H., Hemi, R., LeRoith, D., Quan, M., Kanety, H., Seger,
R. and Zick, Y. (1999) Phosphorylation of insulin receptor substrate-1 (IRS-1) by
95

186.
187.
188.
189.

190.

191.
192.
193.

194.
195.
196.
197.
198.

protein kinase B positively regulates IRS-1 function. J Biol Chem, 274, 2881628822.
Dimmeler, S., Fleming, I., Fisslthaler, B., Hermann, C., Busse, R. and Zeiher, A.M.
(1999) Activation of nitric oxide synthase in endothelial cells by Akt-dependent
phosphorylation. Nature, 399, 601-605.
Fulton, D., Gratton, J.P., McCabe, T.J., Fontana, J., Fujio, Y., Walsh, K., Franke,
T.F., Papapetropoulos, A. and Sessa, W.C. (1999) Regulation of endotheliumderived nitric oxide production by the protein kinase Akt. Nature, 399, 597-601.
Michell, B.J., Griffiths, J.E., Mitchelhill, K.I., Rodriguez-Crespo, I., Tiganis, T.,
Bozinovski, S., de Montellano, P.R., Kemp, B.E. and Pearson, R.B. (1999) The Akt
kinase signals directly to endothelial nitric oxide synthase. Curr Biol, 9, 845-848.
Airoldi, I., Di Carlo, E., Cocco, C., Taverniti, G., D'Antuono, T., Ognio, E.,
Watanabe, M., Ribatti, D. and Pistoia, V. (2007) Endogenous IL-12 triggers an
antiangiogenic program in melanoma cells. Proc Natl Acad Sci U S A, 104, 39964001.
Albanesi, C., Fairchild, H.R., Madonna, S., Scarponi, C., De Pita, O., Leung, D.Y.
and Howell, M.D. (2007) IL-4 and IL-13 negatively regulate TNF-alpha- and IFNgamma-induced beta-defensin expression through STAT-6, suppressor of cytokine
signaling (SOCS)-1, and SOCS-3. J Immunol, 179, 984-992.
Kuate, S., Wagner, R. and Uberla, K. (2002) Development and characterization of a
minimal inducible packaging cell line for simian immunodeficiency virus-based
lentiviral vectors. J Gene Med, 4, 347-355.
No, D., Yao, T.P. and Evans, R.M. (1996) Ecdysone-inducible gene expression in
mammalian cells and transgenic mice. Proc Natl Acad Sci U S A, 93, 3346-3351.
Biswas, P., Canosa, S., Schoenfeld, D., Schoenfeld, J., Li, P., Cheas, L.C., Zhang,
J., Cordova, A., Sumpio, B. and Madri, J.A. (2006) PECAM-1 affects GSK-3betamediated beta-catenin phosphorylation and degradation. Am J Pathol, 169, 314324.
Bishnupuri, K.S., Luo, Q., Murmu, N., Houchen, C.W., Anant, S. and Dieckgraefe,
B.K. (2006) Reg IV activates the epidermal growth factor receptor/Akt/AP-1
signaling pathway in colon adenocarcinomas. Gastroenterology, 130, 137-149.
Makino, K., Day, C.P., Wang, S.C., Li, Y.M. and Hung, M.C. (2004) Upregulation
of IKKalpha/IKKbeta by integrin-linked kinase is required for HER2/neu-induced
NF-kappaB antiapoptotic pathway. Oncogene, 23, 3883-3887.
Park, D.W., Kim, J.R., Kim, S.Y., Sonn, J.K., Bang, O.S., Kang, S.S., Kim, J.H.
and Baek, S.H. (2003) Akt as a mediator of secretory phospholipase A2 receptorinvolved inducible nitric oxide synthase expression. J Immunol, 170, 2093-2099.
Saleem, M., Afaq, F., Adhami, V.M. and Mukhtar, H. (2004) Lupeol modulates
NF-kappaB and PI3K/Akt pathways and inhibits skin cancer in CD-1 mice.
Oncogene, 23, 5203-5214.
Manzella, J.M., Rychlik, W., Rhoads, R.E., Hershey, J.W. and Blackshear, P.J.
(1991) Insulin induction of ornithine decarboxylase. Importance of mRNA
secondary structure and phosphorylation of eucaryotic initiation factors eIF-4B and
eIF-4E. J Biol Chem, 266, 2383-2389.
96

199.

200.
201.

202.
203.

204.
205.
206.
207.

208.
209.
210.

211.
212.

Li, W., Zhang, J., Flechner, L., Hyun, T., Yam, A., Franke, T.F. and Pierce, J.H.
(1999) Protein kinase C-alpha overexpression stimulates Akt activity and
suppresses apoptosis induced by interleukin 3 withdrawal. Oncogene, 18, 65646572.
Lu, D., Huang, J. and Basu, A. (2006) Protein kinase Cepsilon activates protein
kinase B/Akt via DNA-PK to protect against tumor necrosis factor-alpha-induced
cell death. J Biol Chem, 281, 22799-22807.
Maddika, S., Ande, S.R., Panigrahi, S., Paranjothy, T., Weglarczyk, K., Zuse, A.,
Eshraghi, M., Manda, K.D., Wiechec, E. and Los, M. (2007) Cell survival, cell
death and cell cycle pathways are interconnected: implications for cancer therapy.
Drug Resist Updat, 10, 13-29.
Rusinol, A.E., Thewke, D., Liu, J., Freeman, N., Panini, S.R. and Sinensky, M.S.
(2004) AKT/protein kinase B regulation of BCL family members during oxysterolinduced apoptosis. J Biol Chem, 279, 1392-1399.
Cheng, E.H., Wei, M.C., Weiler, S., Flavell, R.A., Mak, T.W., Lindsten, T. and
Korsmeyer, S.J. (2001) BCL-2, BCL-X(L) sequester BH3 domain-only molecules
preventing BAX- and BAK-mediated mitochondrial apoptosis. Mol Cell, 8, 705711.
Zamzami, N., Brenner, C., Marzo, I., Susin, S.A. and Kroemer, G. (1998)
Subcellular and submitochondrial mode of action of Bcl-2-like oncoproteins.
Oncogene, 16, 2265-2282.
Gustin, J.A., Korgaonkar, C.K., Pincheira, R., Li, Q. and Donner, D.B. (2006) Akt
regulates basal and induced processing of NF-kappaB2 (p100) to p52. J Biol Chem,
281, 16473-16481.
Arlt, A. and Schafer, H. (2002) NFkappaB-dependent chemoresistance in solid
tumors. Int J Clin Pharmacol Ther, 40, 336-347.
Tamatani, T., Azuma, M., Ashida, Y., Motegi, K., Takashima, R., Harada, K.,
Kawaguchi, S. and Sato, M. (2004) Enhanced radiosensitization and
chemosensitization in NF-kappaB-suppressed human oral cancer cells via the
inhibition of gamma-irradiation- and 5-FU-induced production of IL-6 and IL-8. Int
J Cancer, 108, 912-921.
Karin, M., Cao, Y., Greten, F.R. and Li, Z.W. (2002) NF-kappaB in cancer: from
innocent bystander to major culprit. Nat Rev Cancer, 2, 301-310.
Heusch, M., Lin, L., Geleziunas, R. and Greene, W.C. (1999) The generation of
nfkb2 p52: mechanism and efficiency. Oncogene, 18, 6201-6208.
Lin, D.L. and Chang, C. (1996) p53 is a mediator for radiation-repressed human
TR2 orphan receptor expression in MCF-7 cells, a new pathway from tumor
suppressor to member of the steroid receptor superfamily. The Journal of
biological chemistry, 271, 14649-14652.
Pappas, G., Zumstein, L.A., Munshi, A., Hobbs, M. and Meyn, R.E. (2007)
Adenoviral-mediated PTEN expression radiosensitizes non-small cell lung cancer
cells by suppressing DNA repair capacity. Cancer Gene Ther, 14, 543-549.
Kondo, S., Kondo, Y., Hara, H., Kaakaji, R., Peterson, J.W., Morimura, T.,
Takeuchi, J. and Barnett, G.H. (1996) mdm2 gene mediates the expression of mdr1
97

213.
214.
215.
216.
217.
218.
219.
220.
221.

gene and P-glycoprotein in a human glioblastoma cell line. British Journal of
Cancer, 74, 1263-1268.
Yuan, T.L. and Cantley, L.C. (2008) PI3K pathway alterations in cancer: variations
on a theme. Oncogene, 27, 5497-5510.
Viatour, P., Bentires-Alj, M., Chariot, A., Deregowski, V., de Leval, L., Merville,
M.P. and Bours, V. (2003) NF- kappa B2/p100 induces Bcl-2 expression.
Leukemia, 17, 1349-1356.
Oliner, J.D., Kinzler, K.W., Meltzer, P.S., George, D.L. and Vogelstein, B. (1992)
Amplification of a gene encoding a p53-associated protein in human sarcomas.
Nature, 358, 80-83.
Khatib, Z.A., Matsushime, H., Valentine, M., Shapiro, D.N., Sherr, C.J. and Look,
A.T. (1993) Coamplification of the CDK4 gene with MDM2 and GLI in human
sarcomas. Cancer Res, 53, 5535-5541.
Zhou, R., Frum, R., Deb, S. and Deb, S.P. (2005) The growth arrest function of the
human oncoprotein mouse double minute-2 is disabled by downstream mutation in
cancer cells. Cancer Res, 65, 1839-1848.
Workman, P. (2004) Inhibiting the phosphoinositide 3-kinase pathway for cancer
treatment. Biochem Soc Trans, 32, 393-396.
Scian, M.J., Stagliano, K.E., Anderson, M.A., Hassan, S., Bowman, M., Miles,
M.F., Deb, S.P. and Deb, S. (2005) Tumor-derived p53 mutants induce NFkappaB2 gene expression. Molecular and cellular biology, 25, 10097-10110.
Gorman, C.M., Moffat, L.F. and Howard, B.H. (1982) Recombinant genomes
which express chloramphenicol acetyltransferase in mammalian cells. Mol Cell
Biol, 2, 1044-1051.
Mendez, J. and Stillman, B. (2000) Chromatin association of human origin
recognition complex, cdc6, and minichromosome maintenance proteins during the
cell cycle: assembly of prereplication complexes in late mitosis. Molecular and
cellular biology, 20, 8602-8612.

98

R. Vitae
Mahesh Ramamoorthy was born on August 29th, 1979, in Mumbai, India. He completed
his schooling from Sri Nehru Vidhyalaya, Coimbatore, Tamil Nadu, India in 1997. In
2000, he received his Bachelor of Science in Microbiology from PSG College of Arts and
Science, Bharathariyar University, Coimbatore, Tamil Nadu, India. In 2002, he received
his Master of Science in Applied Microbiology from PSG College of Arts and Science,
Bharathariyar University, Coimbatore, Tamil Nadu, India.

99

